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Abstract"
! Manganese oxide hollow spheres with approximate MnO2 stoichiometry were 
synthesized by aqueous precipitation with a redox reaction between Mn(II) and MnO4– 
in the presence of butyric acid.  The butyric acid acts as a structure-directing agent, 
reducing the average particle size of the materials, while also acting as a soft template 
for the spheres to form.  This is possible because butyric acid forms a 
thermodynamically stable microemulsion in water, which is unable to be broken up in 
solution.  Without incorporation of the carboxylic acids, the materials have a surface 
area of 133 m2/g, while with the addition of butyric acid, the surface area is increased to 
233 m2/g.  By powder X-ray diffraction, these materials are seen to be amorphous, 
having no long-range order in their structure.!
! Manganese oxide hollow spheres are able to be isomorphously doped with 
various transition metals, including iron, copper and vanadium.  These metals were 
chosen due to their proximity to manganese on the periodic table, thus having similar 
size, weight and oxidation states to manganese.  Also, they have all been reported to 
enhance the catalytic activity of manganese oxide materials.!
! The iron-doped manganese oxides exhibited a drastic increase in surface area, 
up to 434 m2/g.  Copper-doped spheres gave up to 350 m2/g, and vanadium-doped 
spheres brought it to 331 m2/g.  The presence of any of the metals increases the 
surface area of the undoped hollow spheres by at least 100 m2/g, the reason for which 
is still unknown.  At low concentrations of the metal dopant, each systems also exhibits 
a core-shell structure.  In the case of the iron-doped materials, as the iron level 
increases, the spheres become solid.  In the copper- and vanadium-doped systems, the 
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core-shell structures disappear at higher dopant amount, reverting back to regular 
hollow spheres.!
! The catalytic activity of all of these materials was tested by using the common 
catalytic system of isopropanol oxidation.  Being a relatively simple system to use, a 
lab-mate and I assisted in building an apparatus to test this and combined it with the 
use of a gas chromatograph to measure the amount of isopropanol that is converted to 
acetone.  This was tested by heating the catalysts up to 200° and 250° C.  The undoped 
hollow spheres showed strong catalytic activity of about 90% conversion of isopropanol 
to acetone, with the copper and iron dopants having little effect on that efficiency.  The 
vanadium doped materials however lowered the catalytic efficiency to 50-70% 
conversion.  The oxidation of carbon monoxide was also briefly tested, and the copper-
doped materials gave 100% conversion at 25° C, while the other systems proved far 
less efficient.  This gives promise to the copper-doped materials at lower temperatures 
in the isopropanol system.  
 2
Introduction"
! Manganese oxides are some of the most abundant minerals on earth, and can 
commonly be found in natural sediments, soils and ores. They are also prominent in 
formations such as desert rock varnish and marine manganese nodules.1  Desert rock 
varnish is formed by many manganese-containing microbial organisms leaving 
manganese residue on desert rocks upon decomposition, leaving a thin film of 
manganese oxide (Figure 1A).2  Marine manganese nodules are primarily manganese 
and iron oxides, which collect in large deposits deep in the ocean.  The dissolved 
manganese and iron build up around a seed particle over the course of millions of 
years, in a fashion similar to the formation of a pearl in an oyster.3  !
!
  !
Figure 1.  Manganese oxides in A) desert rock varnish and B) marine nodules!
!
! There are over 3 dozen naturally-occurring crystalline manganese oxide with 
approximate MnO2 stoichiometry.  In addition, there are many amorphous forms.4,5  
Crystalline architectures of these materials are comprised primarily of edge-shared 
MnO6 octahedral units which are arranged to form tunneled or layered structures.  
A B
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Photograph by: Larry Geddis (www.theguardian.com) Photograph by: Ian Wright (Encyclopedia of New Zealand)
These structures contribute to the high porosity and surface areas of the manganese 
oxides.  A few examples of crystalline tunneled and layered structures include the 
layered structure of birnessite and tunneled arrangements as seen in the 1x1 
nonporous pyrolusite, 1x2 ramsdellite, 2x2 hollandite, 2x3 romanechite and 3x3 
todorokite.  Many of these materials have Mn(III)/Mn(IV) mixed-valency, imparting an 
overall negative charge to their framework.  This allows the intercalation of cations and 
water molecules in tunnels or between layers, when there is an appropriately large 
volume.  Due to high porosity, many manganese oxides exhibit high surface areas that 
are advantageous in potential applications related to rechargeable battery technology,
1,4,5 toxic waste remediation1,6,7 and heterogeneous catalysis.2,8-10!
!
!
Figure 2.  Crystalline structures of (A) pyrolusite, (B) ramsdellite, (C) birnessite, (D) 
hollandite, (E) romanechite, and (F) todorokite!!
! Manganese oxides have a potential use in rechargeable batteries.  Current Li-ion 
rechargeable batteries use graphite as the anode and a layered Li-CoO2 similar to 
birnessite as the cathode (Figure 3).  The high surface areas and facile ion exchange 
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capabilities of both Li-CoO2 and graphite aid the mobility of and storage capacity for the 
Li+ ions.  Manganese oxides have attracted considerable interest as inexpensive 
(1/100th the cost) and non-toxic alternative materials as rechargeable battery cathodes.
1,4,5  However, an ongoing challenge is structural instability with repeated recharging 
cycles.!
  !
Figure 3.  Lithium-ion rechargeable battery.  Lithium ions travel between neutral 
graphite and negatively-charged CoO2 material"!
! In toxic waste remediation, Na-birnessite has been proposed as a material for 
removing heavy metal ions from an aqueous environment by ion-exchange.  An 
example with Pb2+ is shown below in Figure 4.  In this process, Pb2+ favorably 
exchanges with Na+ from Na-birnessite and is incorporated into the layered framework, 
forming Pb-burserite.  The concentrated lead ions can then be disposed of relatively 
easily.1,6,7!
 5
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Figure 4.  Reaction of Na-birnessite and Pb2+ to form Pb-burserite and Na+."
!
! Catalysis is an important process for many environmental and manufacturing 
applications.11  Manganese oxides are particularly attractive because of their 
significantly lower cost than the noble metals, which are commonly used in many 
catalytic systems.12  Manganese oxides are particularly well suited to perform oxidation 
reactions, and have shown considerable promise in processes such as the oxidation of 
carbon monoxide to carbon dioxide,12-16 the conversion of alcohols into ketones, 
aldehydes or carboxylic acids,9 the total oxidation of organics8 and the reduction of 
oxygen.17  Most of these reactions are thought to proceed by the Mars van Krevelen 
mechanism,18 which is shown in Figure 5 for the oxidation of isopropanol to acetone.  
This mechanism highlights the versatility of manganese redox chemistry.  Mn(IV) is 
reduced to Mn(II) as isopropanol is oxidized to acetone.  Two hydrogen atoms on 
isopropanol are concomitantly transfered to a surface oxide to form water.  The oxygen 
vacancy is then restored by reduction of O2 and Mn(II) is reoxidized to Mn(IV).  High-
surface-area, nanostructured materials have been found to be particularly active 
catalysts in these types of oxidation reactions.9,10  These materials are also of interest 
for their potential function in modern technologies like CO2 lasers, pollution reduction 
Na-Birnessite Pb-Buserite
7 Å 10 Å
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(catalytic converters) and the protection of Pt electrodes in hydrogen fuel cells which are 
readily deactivated by small concentrations of carbon monoxide.13,14,17!
!
  !
Figure 5.  Mars van Krevelen mechanism applied to oxidation of isopropanol"
!
! A very desirable characteristic in all of these applications is high surface area.  
Surface area is important in rechargeable batteries because with a higher surface area, 
more Li+ ions can be stored.  In toxic waste remediation, more Pb2+ ions would be able 
to be removed with less material, and in heterogeneous catalysis, more interfacial 
contact increases the number of reactive sites, making the catalyst a more effective 
one.  One prominent approach to improving the surface area of a material is increasing 
its porosity, which emphasizes the internal surface of a particle (Figure 6A).  Another 
strategy is to decrease the particle size (Figure 6B).!
!
!
-O-Mn4+-O-Mn4+-O-Mn4+-O-Mn4+-O-! !        -O-Mn4+-O-Mn2+      Mn4+-O-Mn4+-O-
-O-Mn4+-O-Mn4+-O-Mn4+-O-Mn4+-O-! !        -O-Mn4+-O-Mn2+        Mn4+-O-Mn4+-O-
OH O
+      H2O
½ O2
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Figure 6.  Effect of A) porosity and B) particle size on surface area of a material"
!
! There are many synthetic routes to manganese oxides, including precipitation19, 
ion-exchange20, standard or microwave heating21, high-temperature solid-state22, 
hydrothermal23 and sol-gel processes24.  The conditions and methods of preparation 
can strongly influence the chemical and physical properties of these materials, even 
ones with seemingly identical composition and structure.25  Various morphologies and 
subtle differences in the composition, average Mn oxidation state and surface structure 
can promote significantly different properties.  As a result, the motivation to unearth 
novel synthetic approaches to manganese oxides continues to strengthen.!
! In the past decade, there has been considerable interest in designing 
nanostructured manganese oxides for applications that require high surface area and 
interfacial contact.  Synthesized nanostructures have addressed both porosity and 
particle sIze while introducing a variety of morphologies that include textured spheres,
  ""
 
A)
B)
  ""
 
A)
B)A)
B)
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26-28 nanorods and nanowires19,26,27 and urchin-like spheres17,19,29,30 (Figure 7).  More 
complex forms have also been obtained, such as double-shell, core-shell and core-
corona structures.8,27,31,32  Many of these materials are synthesized with careful tailoring 
of the physical properties by using structure-directing agents such as templates and 
surfactants.27,31  Hollow nanostructures are particularly interesting morphologies that can 
be synthesized by several methods, the most common of which are aged hydrothermal 
growth and the use of templates.  In hydrothermal aging, the formation of the hollow 
nanospheres occurs in water at elevated temperature and pressure, and is often 
attributed to a process called Ostwald ripening.33-36  Ostwald ripening involves an 
equilibrium between solid-liquid interfaces, where smaller, more soluble particles 
dissolve then redeposit as larger, more stable particles that typically have different 
morphology.37,38  An example of Ostwald ripening is shown in Figure 8.  Aggregated 
particles form by precipitation (Figure 8, 1h), then dissolve under hydrothermal 
conditions and diffuse to the outer surface of the aggregate.  Here, they redeposit as 
larger particles with needle-like morphology, which creates a hollow urchin structure 
(8h). The redeposited particles tend to form in a spherical arrangement, which 
minimizes the surface energy.  The dissolution of smaller particles from the core results 
in hollowing from the center.33,37,38  This can also result in more complex hollow 
structures, such as core-shell structures, which contain a solid core within the hollow 
sphere (Figure 9).!
!
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Figure 7.  SEM (left) and TEM (right) of hollow, urchin-like nanoparticles.17"
!
!
Figure 8.  Process of Ostwald Ripening over a course of 8 hours.37!
!
!
Figure 9.  Diagram of Ostwald Ripening forming various higher-order nanospheres.38!
!
The interesting morphology and microstructures of R-MnO2
obtained for hydrothermal reaction of 12 h were further studied
using TEM. The TEM images of Figure 6a further confirmed
that the R-MnO2 obtained for hydrothermal reaction of 12 h
was composed of intercrossed nanorods. Figure 6b displays the
HRTEM image of R-MnO2 shown in Figure 6a. It shows clear
lattice fringes, which confirms the single-crystallinity of the
R-MnO2 obtained for hydrothermal reaction of 12 h. The lattice
spacing of 0.69 nm between adjacent lattice planes in the image
corresponds to the distance between two (110) crystal planes.
On the basis of the above evolution of the time-dependent
crystallinity and morphology, an “Ostwald ripening process”
could be used to expl in the formation of the diffe ent tructur d
R-MnO2.16-18 During the reaction procedure, a large number
of nuclei are formed in a short time through a well-known
“Ostwald ripening process” at first, and then a slow crystal
Figure 3. Morphologies of the products obtained by hydrothermal reaction for 6 h: (a) low-magnification, (b and c) SEM images of broken
R-MnO2 microspheres.
Figure 4. Morphologies of the products obtained by hydrothermal reaction for 12 h: (a and b) low magnification; (c and d) profile images of
R-MnO2 hollow urchins.
Figure 5. Morphologies of the products obtained by hydrothermal reaction for 24 h.
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growth follows. With the reaction going on, the aggregate
continuously grows in size and density to form a sphere with a
solid core. This stage might last for several hours, and then an
interior cavity is gradually formed via a core evacuation process
due to higher surface energies. A subsequent increase in the
hydrothermal dwell time not only leads to the complete damage
of the urchin structure but also increases the size of the
individual nanorods. The crystallinity of the as-prepared R-MnO2
increases with the reaction time (see the XRD analysis), which
confirms that Ostwald ripening (crystallites grow at the expense
of the smaller ones) is the underlying mechanism in this
hollowing process. Such a core evacuation process is also
observed in the synthesis of titania and NiO hollow spheres.19,20
Investigations also reveal that 12 h would be sufficient for the
R-MnO2 hollow urchins to reach their equilibrium size.
In order to further understand the forming mechanism of
the different structured R-MnO2, the samples obtained from
different reaction times were analyzed carefully by TEM
investigations. As shown in Figure 7, several obvious evolution
stages could be clearly observed. In the initial stage (shorter
reaction time, 3 h), only a close-grained sphere is observed;
after hydrothermal reaction for 6 h, the surface of the R-MnO2
sphere has changed to flower-like nanostructure which con-
sists of nanoflakes and nanowires. When the reaction time
was prolonged to 12 h, an interior cavity sphere is easily
observed; after reaction for 24 h, the sphere structures disappear
completely and only nanorods can be observed. The results
of TEM investigation further confirm the above Ostwald
ripening forming mechanism of the different structured
R-MnO2.
Figure 6. TEM and HRTEM images of R-MnO2 obtained for hydrothermal reaction of 12 h.
Figure 7. TEM of R-MnO2 obtained by different reaction times: (a) 3, (b) 6, (c) 12, and (d) 24 h.
19144 J. Phys. Chem. C, Vol. 111, No. 51, 2007 Xu et al.
2. Results and Discussion
Two new conceptual schemes, which we term “symmet-
ric Ostwald ripening” and “asymmetric Ostwald ripening”,
are illustrated in Figure 1b (schemes 2 and 3, respectively).
Unlike scheme 1, which results in only simple hollow
spheres, these two schemes allow us to fabricate even more
complex inorganic materials with core–shell and basketlike
configurations of the same chemical constituent (hereafter
named homogeneous core–shell structures[17–19] to differenti-
ate them from heterogeneous core–shell structures, which
are made from more than one type of material).[20–28] For ex-
ample, if one treats the structure depicted in Figure 1c as a
nanoreactor, a gain of about 100% in surface area is antici-
pated (the core surface and inner surface of the shell) com-
pared to that of a simple hollow sphere, which possesses
only an inner surface. Furthermore, if the core is entirely
detached from the shell, one would also expect a rotatable
(or movable) core to be present in the react r. In principl ,
any moving part created can provide certain shaft work,
which leads to better mixi g of the inside reagents and an
enhancement in effective matter exchange for product re-
moval and external chemical supply. On the other hand, if
the hollowing proceeds in an asymmetrical manner, the re-
sultant core–shell structures are basketlike, which results in
a tumbler-type mass imbalance (Figure 1d). In the fabrica-
tion of hollow heterogeneous core–shell structures, the dif-
ferent chemicophysical properties of the various compo-
nents can be utilized to generate the required interior space.
For example, by selective solution dissolution, organic com-
bustion, and redox reactions, certain components within pre-
cursor core–shell structures can be removed, which leaves
interior spaces behind.[24, 28] Unlike the heterogeneous type,
homogeneous core–shell structures are in general more dif-
ficult to fabricate because they do not possess chemical in-
homogeneity in their material precursors. In this regard, our
present investigation may provide an efficient approach to
circumvent the fabrication difficulty of this class of materi-
als.
The first conceptual scheme (scheme 2, Figure 1b) can
be elucidated with Figure 2, which reports the formation
process of homogeneous ZnS core–shell nanospheres. Even
after 24 hours of reaction, the solid still essentially kept its
initial morphology (Figure 2a). Interestingly, with a longer
process time, the solid evacuation started at a particular
region underneath the immediate surface layer, which divid-
ed the pristine solid sphere into two discrete regions and
formed a homogeneous core–shell structure (Figure 2b). At
this stage, the core–shell structures were essentially sepa-
rate, without linkages to other spheres (Figure 2d). The
solid evacuation continued (Figure 2c), and the core was
further trimmed down to a smaller size with a longer ripen-
ing treatment. In addition to the above TEM investigation,
the resultant void space between core and shell was also af-
firmed by field-emission scanning electron microscopy
Figure 1. a) General process of Ostwald ripening. b) Various schemes
of Ostwald ripening for spherical colloidal aggregates: 1) core hol-
lowing process; 2) symmetric Ostwald ripening for formation of a
homogen ous c re–shell structure; 3) asymmetric Ostwald ripening
in formation of a semi-hollow core–shell structure; 4) a combination
of 1 and 2. c) A rotating core. d) Mass center of a semi-hollow core–
shell structure. e) Proposed model for the formation of the void
space between core and shell in scheme 2 of (b). Hashed lines: the
cross-sectional plane of a sphere. Darker areas: larger and/or closely
packed crystallites. Lighter areas: smaller and/or loosely packed
crystallites. White areas: void space. Note that the above area illus-
trations are simplified, as actual transitions between two different
areas should be much more gradual.
Figure 2. TEM images for the evolution process of ZnS core–shell
structures with symmetric Ostwald ripening (with 30 mL of 30 wt%
ammonia solution and 10 g of NaNO3): after a) 24 h; b) 52 h; and
c) 82 h at 180 8C. Image d) shows the overall product morphology of
(b).
small 2005, 1, No. 5, 566 –571 www.small-journal.com ! 2005 Wiley-VCH Verlag GmbH&Co. KGaA, D-69451 Weinheim 567
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 10
! Another hollow sphere synthetic process is called templating, and involves the 
use of a pre-formed structure around which a hollow sphere can be constructed.  
Templates are classified as being hard or soft, depending on the ease of their removal.  
An example of a hard-templating method is when spheres of known size—for instance 
SiO2 or polymer beads—are added to the synthesis, and the MnO2 particles accumulate 
on the surface.  The spheres are subsequently etched away or burned off via 
calcination, leaving a hollow core behind (Figure 10).34  The drawback of this approach 
is that this templating method is time consuming, and harsh chemical etching or 
calcining heat treatment can damage the MnO2 shell.!
!
!
! Figure 10.  SiO2 templating of hollow spheres34!
!
! Many of these manganese oxide materials mentioned can be synthesized from 
the redox reaction of MnO4– and Mn2+.  The reaction between MnO4– and Mn2+ is very 
commonly utilized in the area of nanoparticle synthesis because of the vast number of 
experimental parameters which are able to be varied.  Previous research from the 
Ching research group established a facile, nearly instantaneous one-pot synthesis of 
monodisperse manganese oxide nanoparticles with this reaction, as well as the 
synthesis of hollow nanospheres in the presence of carboxylic acids.39  In contrast, most 
 11
of the previously-described methods which can also be synthesized with this reaction 
require hydrothermal and other harsh conditions with reaction times ranging from hours 
to days.17,34,37,38 Our synthesized materials are manganese oxide nanoparticles with 
approximate MnO2 stoichiometry.  These materials have hierarchical morphology34, with 
different apparent structures depending on how closely they are inspected (Figure 11).40  
In the lower magnification SEM image (Figure 11A), the material appears to be made of 
solid, popcorn-shaped particles and not composed of any smaller particles.  Once 
magnification is increased by TEM, however, the material appears to have a crumpled-
tissue-paper morphology which is made up of minuscule sheets (Figure 11B).  These 
materials are synthesized by a facile self-assembly route, in which the manganese 
oxides form on their own nearly instantly.11  They have a surface area of 133 m2/g.!
!
!
Figure 11. A) Low-mag SEM image of MnOx nanoparticles, B) High-mag TEM image of 
MnOx nanoparticles.40"!
!!
A B
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! To increase the surface area of these materials, this reaction is done in the 
presence of carboxylic acids.  The inspiration for the use of carboxylic acids comes from 
their ability to stabilize the formation of Mn-12 clusters with the formula 
Mn12O12(O2CMe)16(H2O)4 when used in high concentrations (Figure 12).41  In this 
system, carboxylate ligands (black) stabilize the formation of this Mn-12 cluster 
containing octahedral Mn centers (yellow), formed by a redox reaction between Mn2+ 
and MnO4–.  In our approach, dilute carboxylic acids are used as structure-directing 
agents to arrest the growth to promote the formation of small particle sized, high surface 
area materials, though not so concentrated that individual molecules are formed.  The 
carboxylic acid ligands being used instead of carboxylate ligands also aids in the 
formation of the materials rather than molecules, since carboxylate ligands coordinate 
more strongly than carboxylic acids.!
  !
Mn(OAc)2 + KMnO4   Mn12O12(O2CCH3)16(H2O)4!
Figure 12.  Manganese-12 cluster molecule stabilized by carboxylate ligands (black)41"
!
 13
! Various short-chain, water-miscible carboxylic acids were used, with butyric acid 
yielding the most interesting structures.  When butyric acid is added, the materials adopt 
a spherical morphology.  In lower magnification SEM images, the spheres appear to be 
solid MnOx spheres, however under higher magnification TEM, the spheres appear to 
be hollow and are made up of very small platelets (Figure 13).  These materials have a 
higher surface area (233 m2/g) than the un-treated materials.40!
!
  !
Figure 13.  Hollow MnOx nanospheres from the reaction of MnO4– and Mn2+ in the 
presence of butyric acid. A) SEM image (scale bar 1 µm), B) TEM image (note broken 
sphere on bottom, portrays hollowness)40"!
! These spheres are thought to form by what is known as a soft templating 
method.  In the proposed formation mechanism, butyric acid forms a microemulsion in 
the water, which is determined by the presence of the Tyndall effect tested with a green 
laser (Figure 14).  The butyric acid (BA) emulsion acts as the template for the formation 
of the MnOx hollow spheres under ambient conditions (Figure 15).  In this mechanism, 
BA 100 nm
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the Mn2+ in the solution surrounding the BA emulsions reacts with MnO4– at the H2O-BA 
interface while BA also functions as the structure-directing agent.  Once the reaction is 
complete, the BA can easily be washed away with water, leaving the manganese oxide 
hollow spheres behind.!
!
  !
Figure 14. Tyndall effect demonstrated in solution of 2.3 mL butyric acid in ~25 mL H2O 
with a green laser (from left)!!
!
  !
Figure 15.  Proposed mechanism of hollow sphere formation with butyric acid micro-
emulsion as soft template"!
!!
 
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! The primary focus of this research is to investigate the influence of transition 
metal dopants on these hollow spheres and their catalytic activity in the oxidation of 
isopropanol.  Our manganese oxide hollow spheres are able to be doped isomorphously 
with a number of transition metals.42  The incorporation of these dopants can alter the 
chemical, physical, electrochemical and catalytic properties of the manganese oxides 
while having little effect on the nanostructure.43  These dopants have been shown to 
affect the size, morphology and surface area of the materials.10  The metals used in this 
study have been limited to Fe2+, Cu2+ and V5+.  Fe and V were used due to their similar 
size and oxidation state to Mn, so that they would be able to efficiently replace Mn ions 
in the materials without disrupting the structure significantly.  Cu was used due to its 
ability to improve catalytic activity in many other materials, while still being comparable 
to Mn on the periodic table.15,44,45  Other common transition metal ions used are those 
which have similar charge, size and polarizability to Mn2+, such as Co2+ and Zn2+, while 
other metals such as Ce have been used as well.43  The effects of transition-metal 
dopants on the manganese oxides in the realm of low-temperature oxidation have been 
explored more recently, especially with Cu-doped manganese oxides.15,44,45  In our work 
with catalysis, one of my specific contributions was helping in setting up the custom flow 
reactor used to measure the catalytic activity of the materials in isopropanol oxidation.  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Experimental!
Syntheses of manganese oxide nanoparticles using carboxylic acids.!
! Manganese oxide nanoparticles were synthesized in the presence of carboxylic 
acids using the following general procedure:  KMnO4 (0.158 g, 1.0 mmol) and 
MnSO4•H2O (0.254 g, 1.5 mmol) were each dissolved separately in 25 mL distilled H2O.  
Carboxylic acids were then added in a 10-fold excess (versus total Mn) to the MnSO4 
solution.  Carboxylic acids used were acetic acid (AA, 1.5 mL, 0.0175 mol/mL), 
propionic acid (PA, 1.9 mL, 0.0134 mol/mL) and butyric acid (BA, 2.3 mL, 0.0109 mol/
mL).  KMnO4 solution was swiftly added to MnSO4 solution with vigorous stirring.  The 
resulting brown slurry was stirred vigorously for 20 minutes and vacuum-filtered through 
a glass frit.  Brown solid was washed three times with H2O and dried at 110° C.  Typical 
yield is 0.22 g.!
!
Fe2+-doping with butyric acid present.  !
! Reaction equations, stoichiometry quantities used in the FeCl2•4H2O reactions, 
and quantities used in the Fe(NH4)2(SO4)2•6H2O reactions are given in Tables 1, 2 and 
3, respectively.  The amounts of Fe(NH4)2(SO4)2•6H2O, MnSO4•H2O and BA used are 
summarized in Table 3.!
!
!
!
!
!
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Table 1: Redox equations of varying amounts of Fe2+ reacted with Mn2+ and MnO4–"
!
Table 2:  Amounts of FeCl2•4H2O, MnSO4•H2O and BA used!
!
Table 3: Amounts of Fe(NH4)2(SO4)2•6H2O and MnSO4•H2O used!
Fe:Mn Ratio Reaction Equation
0.051 23 Mn2+
0.083 14 Mn2+
0.11 11 Mn2+
0.22 5 Mn2+ + 2 Fe
0.35 9 Mn2+ + 6 Fe
0.5 2 Mn2+ + 2 Fe
1.0 4 Mn2+ + 10 Fe
Fe:Mn 
Added
Mass of FeCl Mass of MnSO Volume of BA
0.051 0. 248 g 0.243 g 2.35 mL
0.11 0.0497 g 0.232 g 2.40 mL
0.22 0.0994 g 0.211 g 2.52 mL
0.35 0.149 g 0.190 g 2.63 mL
Fe:Mn 
Added
Mass of 
Fe(NH
Mass of MnSO Volume of BA
0.051 0.049 g 0.243 g 2.35 mL
0.083 0.078 g 0.237 g 2.39 mL
0.11 0.098 g 0.232 g 2.40 mL
0.22 0.196 g 0.211 g 2.52 mL
0.35 0.294 g 0.190 g 2.63 mL
0.5 0.392 g 0.169 g 2.75 mL
1.0 0.653 g 0.113 g 3.10 mL
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Syntheses were also performed with Fe(NH4)2(SO4)2•6H2O added in 0.1:1 to 0.6:1 ratios 
of Fe:Mn without regard to exact redox reaction stoichiometry.  Six samples of 0.158 g 
KMnO4 and 0.254 g MnSO4•H2O were dissolved in 25 mL H2O.  Fe(NH4)2(SO4)2•6H2O 
and BA were added to MnSO4 solutions (Table 4).  The Mn2+/Fe2+ and KMnO4 solutions 
were combined and stirred for 20 minutes.  The resulting brown solid product was 
filtered through a medium-porosity glass frits, washed with H2O and dried at 110° C.!
!
Table 4: Amounts of Fe(NH4)2(SO4)2•6H2O and BA used in non-stoichiometric synthesis"
!
Fe2+-doping with acetic acid, propionic acid and no acid present.  Six samples of 0.158 
g KMnO4 were dissolved in 25 mL H2O.  MnSO4•H2O and Fe(NH4)2(SO4)2•6H2O were 
dissolved in 25 mL H2O with acetic acid (AA) and propionic acid (PA) (Table 5).  
Solutions were combined and stirred for 20 minutes.  For the acidic solutions only, 
dilution with 50 mL of distilled water was required to ease filtration.  The brown solid 
products were filtered through medium-porosity glass frits, washed with H2O and dried 
at 110° C.!
Fe:Mn 
Added
Mass of Fe(NH Volume of BA
0.1 0.098 g 2.50 mL
0.2 0.196 g 2.75 mL
0.3 0.294 g 3.00 mL
0.4 0.392 g 3.20 mL
0.5 0.490 g 3.40 mL
0.6 0.588 g 3.70 mL
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Table 5: Amounts of Fe(NH4)2(SO4)2•6H2O, MnSO4•H2O and acid used"
!
Cu2+-doped MnOx’s.  Five samples of KMnO4 (0.158 g) and MnSO4•H2O were dissolved 
separately in 25 mL H2O.  Varying amounts of Cu(OAc)2•H2O and BA were added to the 
MnSO4•H2O solutions (Table 6).  The two solutions were combined and stirred for 20 
minutes.  The resulting brown solid was filtered through medium-porosity glass frits, 
washed with H2O and dried at 110° C.!
!
Table 6: Amounts of Cu(OAc)2•H2O and BA used!
!
Fe:Mn 
Added
Mass of 
Fe(NH
Mass of MnSO Volume of Acid
0.051 0.049 g 0.243 g 1.5 mL AA
0.051 0.049 g 0.243 g 1.9 mL PA
0.051 0.049 g 0.243 g None
0.083 0.098 g 0.237 g 1.5 mL AA
0.083 0.098 g 0.237 g 2.0 mL PA
0.083 0.098 g 0.237 g None
Cu:Mn 
Added
Mass of Cu(OAc) Volume of BA
0.05 0.0250 g 2.4 mL
0.1 0.0499 g 2.5 mL
0.2 0.0998 g 2.75 mL
0.5 0.250 g 3.4 mL
1.0 0.499 g 4.6 mL
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Cu2+-doping with acetic acid, propionic acid and no acid present.  Six samples of 0.158 
g KMnO4 and 0.254 g MnSO4•H2O were dissolved separately in 25 mL H2O.  
Cu(OAc)2•H2O was added to MnSO4 solutions with AA, PA or no acid (Table 7).  
Solutions were combined and stirred for 20 minutes.  For the acidic solutions only, 
dilution with 50 mL of distilled water was required to ease filtration.  The brown solid 
products were filtered through medium-porosity glass frits, washed with H2O and dried 
at 110° C.!
!
Table 7:  Amounts of Cu(OAc)2•H2O and acid used!
!
Cu2+- and Fe2+- doubly-doped MnOx’s.  Six samples KMnO4 (0.158 g) were dissolved in 
25 mL H2O.  Fe(NH4)2(SO4)2•6H2O, Cu(OAc)2•H2O and BA were added to solution of 
0.254 g MnSO4•H2O (Table 8).  Solutions were combined, stirred for 20 minutes, and 
the resulting brown products were filtered, washed with H2O then dried at 110° C.!
!
!
!
Cu:Mn 
Added
Mass of Cu(OAc) Volume of Acid
0.2 0.0998 g 1.7 mL AA
0.2 0.0998 g 2.2 mL PA
0.2 0.0998 g None
0.5 0.250 g 2.1 mL AA
0.5 0.250 g 2.8 mL PA
0.5 0.250 g None
 21
Table 8:  Amounts of Fe(NH4)2(SO4)2•6H2O, Cu(OAc)2•H2O and BA used!
!
Vanadium-doped MnOx’s.  Five samples of KMnO4 (0.158 g) and MnSO4•H2O (0.254 g) 
were dissolved in 25 mL H2O.  Na3VO4 and BA were added to MnSO4 solutions (Table 
9), which turned opaque orange initially and became clear orange when BA was added.  
Solutions were combined, stirred for 20 minutes.  The solid products were filtered 
through medium-porosity glass frits, washed with H2O and dried at 110° C.!
!
Table 9: Amounts of Na3VO4 and BA used"
!
!
Fe:Mn 
Added
Cu:Mn 
Added
Mass of 
Fe(NH
Mass of 
Cu(OAc)
Volume of BA
0.051 0.3 0.049 g 0.150 g 2.4 mL
0.051 1 0.049 g 0.499 g 2.5 mL
0.11 1 0.098 g 0.499 g 2.6 mL
0.22 1 0.196 g 0.499 g 2.7 mL
0.22 0.5 0.196 g 0.250 g 2.6 mL
0.22 0.3 0.196 g 0.150 g 2.5 mL
V:Mn 
Added
Mass of Na Volume of BA
0.025 0.0115 g 2.4 mL
0.05 0.0233 g 2.4 mL
0.1 0.0460 g 2.5 mL
0.2 0.0920 g 2.8 mL
0.3 0.140 g 3.0 mL
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Characterization Methods.  Scanning electron microscopy (SEM) and energy dispersive 
X-ray analyses (EDAX) were carried out using a LEO 435VP Scanning Electron 
Microscope, Transmission electron microscopy (TEM) images were obtained using a 
Morgagni Instruments Transmission Electron Microscope.  Elemental analyses were 
done with a Varian AA240FS Flame Atomic Absorption Spectrometer. 
 Thermogravimetric analyses (TGA) were performed using a TA Instruments model Q50 
analyzer.  Surface area analyses were measured using Brunauer-Emmett-Teller (BET) 
method of N2 adsorption-desorption using a Micromeritics Gemini V Surface Area 
Analyzer.  Samples were prepared for BET analysis by purging with N2 at 200° C using 
a Micromeritics Flowprep 060 Sample Degas System.  Powder X-ray diffraction was 
performed using a Rigaku Miniflex diffractometer.!
!
Isopropanol Catalysis.  A schematic for the catalytic reactions is shown in Figure 16.  In 
a typical catalysis run, 0.10 g MnOx was placed in glass tube held by glass wool plugs.  
The sample was heated in a tube furnace and purged at the prescribed temperature for 
one hour under a flow of 1% O2 in He (40 mL/min).  The gas was directed to bubble 
through the isopropanol reservoir.  After 15 minutes, the resulting isopropanol/acetone 
mixture was collected in a glass tube cooled by liquid N2 for 10 minutes.  The frozen 
effluent was then thawed and analyzed by gas chromatography using a packed 
Carbowax column with TCD detection.!
!
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  "
Figure 16. Schematic of catalysis setup for conversion of isopropanol to acetone!
!
Carbon Monoxide Oxidation.  The catalytic activity of MnOx materials in CO oxidation 
was investigated using a fixed-bed gas flow reactor (Figure 17).  For a typical run, 0.10 
g MnOx was placed into a U-shaped quartz tube held in with glass wool.  Sample was 
heated to 200° C under He flow for 30 minutes.  Gas flow was changed to 1% CO + 1% 
O2 in N2.  Sample was allowed to equilibrate with reaction mixture for 20 minutes, then 
the flow was redirected to an online SRI 8610C gas chromatohraph equipped with a 
silica gel column and TCD detector.39!
!
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  "
Figure 17.  Schematic of flow reactor used for CO –> CO2 catalysis measurements39"
!
!
!'"
"
equation 1, where A is peak area obtained from the gas chromatographs. The catalysts were 
tested at room temperature, and at increasing intervals until 100% oxidation of CO was achieved. 
% CO Conversion = ([ACO2]/[ACO2 + ACO]) x 100%            (1) 
 
 
Figure 7: Schematic diagram of flow reactor system. 
 
Manganese Oxide Hollow Nanospheres as Templates for TiO2 
  Manganese oxide hollow spheres have been used as templates for TiO2 hollow shells by 
hydrolyzing titanium(IV) isopropoxide with adsorbed water on the porous material. MnOx-BU 
was prepared by the previously described reaction, but dried under vacuum at room temperature 
instead of at 110 oC to retain adsorbed water in the porous material. A 0.2-g sample of solid was 
added to a Schlenk flask with a stir bar and 10 mL of 10% titanium(IV) isopropoxide in 
anhydrous pentane was added under nitrogen. The mixture was allowed to stir for 3 days then 
washed three times with pentane, which was introduced by syringe then removed by syringe 
 25
Results and Discussion"!
General Discussion!
! Manganese oxide nanoparticles have been synthesized by an aqueous redox 
reaction between MnO4– and Mn2+ (Equation 1), which is a common tactic in 
manganese oxide syntheses.15,26,29,42,52,53  Previous group member David Kriz 
discovered that carboxylic acids act as interesting structure-directing agents in the 
synthesis of manganese oxide nanoparticles.39  The inspiration for carboxylic acids 
being used in the reactions in the following pages comes from their ability to stabilize 
the formation of manganese oxide molecular clusters with the formula 
Mn12O12(O2CCH3)16(H2O)4 (Figure 12) in high concentrations of the acids.41  The high 
concentrations of carboxylic acids/carboxylate ligands drive the formation of the 
molecular cluster.  From this, it was suggested that in dilute carboxylic acids, the 
coordination between the —COOH group and the nucleating MnOx particles would 
minimize particle size and therefore increase surface area.40  Acid added in a 10-fold 
excess to total metal was found to give the optimal hierarchical morphologies to the 
nanoparticles.  Significantly higher concentrations of carboxylic acids caused the 
precipitate to be an oily solid, while lower concentrations caused the spheres to be less 
monodisperse.39  The materials synthesized in this paper are made primarily by the use 
of butyric acid and other short-chain carboxylic acids.!
!
2 MnO4– (aq) + 3 Mn2+ (aq) + 2 H2O (l)   5 MnO2 (s) + 4 H+ (aq)         (1)!!
! When no carboxylic acid was used as a control (MnOx-C) , the material assumed 
a “crumpled-tissue-paper” morphology made up of small platelets (Figure 18A).27,40,46,47  
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Materials made in the presence of acetic acid (MnOx-AA) and propionic acid (MnOx-PA) 
both exhibit a quasi-spherical morphology on the order of around 100 nm (Figure 18B+ 
18C).  In the presence of butyric acid, however, the material (MnOx-BA) has adopted a 
hollow-spherical structure (Figure 18D).40  SEM images of these materials are shown in 
Figure 19.  The hollow spheres range in diameter from 200-400 nm, with their shells 
consisting of platelets on the order of 5-8 nm.  The MnOx-BA spheres are proven to be 
hollow by the existence of some broken shell fragments visible under TEM (Figure 13B).!
!
  !
Figure 18.  TEM images of MnOx synthesized with A) no acid, B) acetic acid, C) 
propionic acid and D) butyric acid.  Scale bar = 100 nm"
!!
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Reactions between MnSO4 and KMnO4 in the presence of
carboxylic acids provide a facile, one-pot route to nanostructured
manganese oxides with high surface areas. Acetic and propionic
acid induce formation of hierarchical nanosphere morphologies
whereas butyric acid promotes assembly of hollow spheres. The
materials are active catalysts for CO oxidation.
Manganese oxides represent an important class of inexpensive
and environmentally benign materials with potential use in
catalysis, toxic waste remediation, and battery technology.1,2
Interfacial interactions are critical in these applications, so it is
desirable to have control over properties such as particle size,
morphology, surface area, and porosity. This provides much
of the motivation behind eﬀorts to prepare manganese oxides
with microporous structure and nanoscale architecture.
Here we report a facile synthetic route to manganese oxides
with hierarchical nanostructures in which nanosheets or
nanoplatelets aggregate to form spheres or hollow spheres.
Our approach draws inspiration from molecular cluster
chemistry exemplified by the [Mn12O12(O2CR)16(H2O)4]
system.3 We rationalized that if carboxylate and carboxylic
acid moieties can stablize the manganese oxide core of
cluster molecules, then similar stabilization might occur under
conditions that favor manganese oxide materials, resulting in
formation of nanoparticles with interesting morphologies
and high surface areas. The manganese oxide nanoparticles
reported here are readily prepared by self assembly in a one-
pot reaction under ambient conditions. These materials are
active catalysts for the oxidation of CO to CO2.
Syntheses of hierarchical nanostructured manganese oxides
are carried out in aqueous solution by combining 25 mL
solutions of 1.0 mmol of KMnO4 and 1.5 mmol of MnSO4 with
10-fold excess of carboxylic acid under vigorous stirring. Brown
precipitate forms upon mixing. Material prepared in the presence
of butyric acid is readily isolated and purified by filtration,
washing with water three times and drying at 110 1C. Products
from reactions that contain acetic and propionic acid were
diluted with an additional 50 mL of water prior to filtration.
TEM images of manganese oxides obtained in the presence
of acetic acid (MnO2-AA), propionic acid (MnO2-PA), and
butyric acid (MnO2-BA) are shown in Fig. 1, along with the
product of a control reaction (MnO2-C) performed in the
absence of carboxylic acid. SEM images are shown in Fig. 2.
MnO2-C is consistent with previous reports of reactions
between Mn2+ and MnO4
! under similar conditions.4–6 The
particle morphology is hierarchical, appearing as inter-
connected 200–300 nm spheres with a substructure of thin
lamellar nanosheets aggregated into a crumpled-tissue-paper
appearance, Fig. 1A. MnO2-AA and MnO2-PA have a similar
quasi-spherical morphology, but with smaller size on the order
of about 100 nm, Fig. 1B and C. The component nanosheets
are likewise smaller. By contrast, the hierarchical morphology
of MnO2-BA diﬀers in that the presence of butyric acid
Fig. 1 TEM im ges of amorphous MnO2 synth sized in the presence
of carboxylic acids: (A) control; (B) acetic acid; (C) propionic acid;
(D) butyric acid. Scale bar represents 100 nm.
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w Electronic supplementary information (ESI) available: Experimental
details of manganese oxide syntheses and TEM image of fragmented
manganese oxide hollow sphere. See DOI: 10.1039/c1cc11764e
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Self-assembly of manganese oxide nanoparticles and hollow spheres.
Cata ytic activity in c rbo monoxide xidationw
Stanton Ching,*a David A. Kriz,a Kurt M. Luthy,a Eric C. Njagib and Steven L. Suibb
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Reactions between MnSO4 and KMnO4 in the presence of
carboxylic acids provide a facile, one-pot route to nanostructured
manganese oxides with high surface areas. Acetic and propionic
acid induce formation of hierarchical nanosphere morphologies
whereas butyric acid promotes assembly of hollow spheres. The
materials are active catalysts for CO oxidation.
Manganese oxides represent an important class of inexpensive
and environmentally benign materials with potential use in
catalysis, toxic waste remediation, and battery technology.1,2
Interfacial interactions are critical in these applications, so it is
desirable to have control over properties such as particle size,
morphology, surface area, and porosity. This provides much
of the motivation behind eﬀorts to prepare manganese oxides
with microporous structure and nanoscale architecture.
Here we report a facile synthetic route to manganese oxides
with hierarchical nanostructures in which nanosheets or
nanoplatelets aggregate to form spheres or hollow spheres.
Our approach draws inspiration from molecular cluster
chemistry exemplified by the [Mn12O12(O2CR)16(H2O)4]
system.3 We rationalized that if carboxylate and carboxylic
acid moieties can stablize the manganese oxide core of
cluster molecules, then similar stabilization might occur under
conditions that favor manganese oxide materials, resulting in
formation of nanoparticles with interesting morphologies
and high surface areas. The manganese oxide nanoparticles
reported here are readily prepared by self assembly in a one-
pot reaction under ambient conditions. These materials are
active catalysts for the oxidation of CO to CO2.
Syntheses of hierarchical nanostructured manganese oxides
are carried out in aqueous solution by combining 25 mL
solutions of 1.0 mmol of KMnO4 and 1.5 mmol of MnSO4 with
10-fold excess of carboxylic acid under vigorous stirring. Brown
precipitate forms upon mixing. Material prepared in the presence
of butyric acid is readily isolated and purified by filtration,
washing with water three times and drying at 110 1C. Products
from reactions that contain acetic and propionic acid were
diluted with an additional 50 mL of water prior to filtration.
TEM images of manganese oxides obtained in the presence
of acetic acid (MnO2-AA), propionic acid (MnO2-PA), and
butyric acid (MnO2-BA) are shown in Fig. 1, along with the
product of a control reaction (MnO2-C) performed in the
absence of carboxylic acid. SEM images are shown in Fig. 2.
MnO2-C is consistent with previous reports of reactions
between Mn2+ and MnO4
! under similar conditions.4–6 The
particle morphology is hierarchical, appearing as inter-
connected 200–300 nm spheres with a substructure of thin
lamellar nanosheets aggregated into a crumpled-tissue-paper
appearance, Fig. 1A. MnO2-AA and MnO2-PA have a similar
quasi-spherical morphology, but with smaller size on the order
of about 100 nm, Fig. 1B and C. The component nanosheets
are likewise smaller. By contrast, the hierarchical morphology
of MnO2-BA diﬀers in that the presence of butyric acid
Fig. 1 TEM images of amorphous MnO2 synthesized in the presence
of carboxylic acids: (A) control; (B) acetic acid; (C) propionic acid;
(D) butyric acid. Scale bar represents 100 nm.
aDepartment of Chemistry, Connecticut College, New London,
CT 06320, USA. E-mail: sschi@conncoll.edu; Fax: 860 439 2477;
Tel: 860 439 2753
bDepartment of Chemistry, University of Connecticut, Storrs,
CT 06269, USA
w Electronic supplementary informa ion (ESI) available: Experimental
details of manganese oxide syntheses and TEM image of fragmented
manganese oxide hollow sphe e. See DOI: 10.1039/c1cc11764e
ChemComm Dynamic Article Links
www.rsc.org/chemcomm COMMUNICATION
Do
wn
loa
de
d b
y C
ON
NE
CT
IC
UT
 C
OL
LE
GE
 on
 18
 A
ug
us
t 2
01
1
Pu
bli
sh
ed
 on
 07
 Ju
ne
 20
11
 on
 ht
tp:
//p
ub
s.r
sc.
org
 | d
oi:
10
.10
39
/C
1C
C1
17
64
E
View Online
A B
C D
 27
  !
Figure 19.  SEM images of MnOx synthesized with A) no acid, B) acetic acid, C) 
propionic acid and D) butyric acid.  Scale bar = 1 µm"!
! Many other instances of hollow sphere formation have been reported,10,33-36,47-51 
but the significance of our spheres is their ease of formation.  Most other syntheses 
involve hydrothermal conditions over the range of several hours or days, or involve 
complex templating methods which require several steps, as with the hard templating 
method shown in Figure 10.10,33-38,50,51  Our hollow spheres form by a near-instant, self-
assembly route under ambient conditions.  Due to the interesting morphology of MnOx-
BA, this will be the focus of this study.!
! Elemental analysis, Mn oxidation state analysis and thermogravimetric analysis 
(TGA) indicate that each material has a similar composition, involving less than one 
water of hydration and trace amounts of potassium.  FT-IR measurements indicate no 
presence of carboxylic acids remaining, further supporting our proposed formation 
!!
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promotes formation of hollow spheres. Sphere diameters are on
the order of 200–400 nm and the shells consist of 5–8 nm
platelets, Fig. 1D. The hollow sphere morphology is further
confirmed by occasional observations of broken shell fragments.
Numerous examples of manganese oxide hollow spheres have
been reported,6–15 but the ease of formation in this butyric
acid-promoted system is striking. Other syntheses typically
involve templates that require a subsequent removal step6–10
or relatively slow particle growth by Os wald ripening that
often occurs under hydrothermal conditions.11–15 By contrast,
the manganese oxide hollow spheres reported here form by self
assembly upon mixing under ambient conditions, giving one of
the simplest routes to a hollow sphere material.
Powder XRD patterns are characteristic of amorphous
manganese oxide.4 Elemental analyses, TGA measurements,
and Mn oxidation state measurements reveal similar composi-
tions for all four materials, Table 1. Stoichiometries are near-
MnO2 with trace potassium and fractional water of hydration.
There is no evidence of residual carboxylic acid or caboxylate
based on FT-IR and carbon analyses. BET measurements
reveal high surface areas that are consistent with observed
particle sizes and morpohologies. They are considerably higher
relative to the surface area of the control manganese oxide.
Our strategy for nanoparticle synthesis derives from the
chemistry of molecular manganese oxide clusters, which are
generated from reactions between Mn2+ and MnO4
! in the
presence of carboxylic acids and carboxylates at high concen-
trations.3 We hypothesized that lower concentrations would
favor materials over molecular clusters, but there would still
be some coordination between the carboxylic acid and surface
of the nucleating manganese oxide particles. We further
hypothesized that such coordination would subdue particle
growth and yield nanomaterials with increased surface areas.
Our findings indicate that this approach succeeded.
The presence of carboxylic acid is key. Fig. 1A shows the
larger particle size obtained in the absence of carboxylic acid.
If carboxylates are used instead, particle sizes are on the order
of 100+ microns. If mineral acids are used to create the
same pH as the Mn2+/carboxylic acid solutions (2.2–2.4),
the resulting product resembles that of the control reaction.
We therefore conclude that carboxylic acids coordinate in
some fashion to nucleating manganese oxide, resulting in
arrested growth and stabilization of nanoparticle sheets or
platelets that then self assemble into larger spheres or hollow
spheres. However, these interactions must be weak since the
carboxylic acid is readily removed upon filtration and
washing.
Emulsions may play a role in the preferential formation of
hollow spheres when butyric acid is present (MnO2-BA).
Although the three carboxylic acids used here are reportedly
miscible with water, a Tyndall eﬀect is observed with green
laser light for their aqueous solutions. The Tyndall eﬀect is
much more pronounced for butyric acid than for acetic or
propionic acid, which coincides with the diﬀerent morphology
it promotes. Butyric acid may therefore both promote the
formation of nanoplatelets and provide the microemulsion
surface where they can aggregate and assemble into hollow
spheres. Acetic and propionic acid may not emulsify as
strongly, thus making them unfavorable templates for hollow
spheres. An emulsion mechanism has been proposed for
hollow spheres obtained in reactions between aqueous
KMnO4 and oleic acid,
6 in which emulsification is more clearly
identified because oleic acid is immiscible with water. We
investigated a similar reaction with aqueous Mn2+ and
MnO4
! in the presence of immiscible pentanoic acid. How-
ever, this two-phase system yields manganese oxide as an
intractable oil that calcines into large, irregularly shaped
particles.
Thermal stability of MnO2-BA was studied by TGA, Fig. 3.
The gradual decrease in weight up to 478 1C is assigned to loss
of water and lattice oxygen. The sharp transition starting at
478 1C is due to loss of lattice oxygen with concommitant
formation of Mn2O3. Further oxygen loss at 707 1C is the
result of Mn2O3 transforming into Mn3O4. Both Mn2O3 and
Mn3O4 have been confirmed by XRD.
MnO2-BA samples were calcined at various temperatures
for 2 h to ascertain the stability of the hollow sphere structure.
TEM images after calcination are shown in Fig. 4. At
400 1C, the hollow spherical morphology is largely unchanged.
At 500 1C, hollow spheres are still evident, but the shells
have begun to fragment and the nanoplatelets that com-
prise the shells have started to sinter into larger particles.
Fig. 2 SEM images of amorphous MnO2 synthesized in the presence
of carboxylic acid: (A) control; (B) acetic acid; (C) propionic acid;
(D) butyric acid.
Table 1 Analytical data on nanostructure manganese oxides
MnO2-X
a Formula Mn ox stb SA (m2 g!1)
MnO2-C K0.023MnO1.91"0.63H2O 3.88(2) 133
MnO2-AA K0.053MnO2.01"0.48H2O 3.86(1) 307
MnO2-PA K0.042MnO1.95"0.45H2O 3.81(2) 330
MnO2-BA K0.041MnO2.04"0.35H2O 3.83(4) 233
a X denotes the carboxylic acid in the reaction: C-control, AA-acetic
acid, PA-propionic acid, BA-butyric acid. b Values obtained by reduction
with Na2C2O4 in 10% H2SO4 followed by back-titration with KMnO4.
Standard deviations shown in parentheses.
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promotes formation of hollow spheres. Sphere diameters are on
the order of 200–4 nm and the s lls consist of 5–8 nm
platelets, Fig. 1D. The hollow sphere morph logy is further
confirmed by occasional bservations of br ken shell fragments.
Numerous examples of manganese oxide hollow spheres have
been r ported,6–15 but the ease of formation in this butyric
acid-promoted system is striking. Other syntheses typically
involve templates that require a subsequent removal step6–10
r relatively slow particle growth by Ostwald ipening that
often occurs under hydrothermal conditions.11–15 By contrast,
the mangane e oxide hollow spheres reported h re form by self
assembly upon mixing u der ambient conditions, giving o e f
the simplest routes to a hollow sphere materi l.
Powder XRD patterns are characteristic of amorph us
manganese oxide.4 Elemental analyses, TGA measurements,
and Mn oxidation state measurements reveal similar comp si-
tions for all four materi ls, Table 1. Stoichiometries ar near-
MnO2 with trace potassium and fractional w ter of hydration.
There is no evid nce of residual carboxylic acid or caboxylate
based on FT-IR and carbon analyses. BET measurements
reveal high surface r as that are consistent with observed
particle siz s and morpohol gies. They are considerably higher
relative to the surface area of the contr l manganese oxide.
Our strategy for nanoparticle synthesis derives from the
chemistry of molecular manganese oxide clusters, which are
generated from reactions betwe n M 2+ and MnO4
! in the
presence of carboxylic acids and carboxylates t high concen-
trations.3 We hypothesized that lower concentrations would
favor materi ls over molecular clusters, but there would still
be some coordination betwe n the carboxylic acid n surface
of the nucleating manganese oxide particles. We further
hypothesized that such coordination would subdue particle
growth and yield nanomateri ls with increased surface areas.
Our findings i dicate that t is approach succeeded.
The pr sence of carboxylic acid is key. Fig. 1A shows the
larger particle siz obtained in the absence of carboxylic acid.
If carboxylates r used instead, particle siz s ar on the order
of 100+ microns. If mineral acids are us d to create th
same pH as the Mn2+/carboxylic acid soluti ns (2.2– .4),
the resulting product resembles that of the contr l reaction.
We th refore conclude that c rboxylic acids coordinate in
some fashion t nucleating manganese oxide, resulting i
arrested growth and stabilization of nanoparticle sh ets or
platelets that t en self assemble into larger spheres or h llow
spheres. However, these int ractions must be weak since the
carboxylic acid is readily removed upon filtration a d
washing.
Emulsions may play a role in the preferential formation of
hollow spheres when butyric acid is present (MnO2-BA).
Although the three carboxylic acids used h re are reportedly
miscible with water, a Tyndall eﬀect is observed with green
laser light for their aqueous soluti ns. The yndall eﬀect is
much more pronounced for butyric acid than for acetic or
propionic acid, which coin ides with the diﬀerent morph logy
it promotes. Butyric acid may therefore both promote th
formation of nanoplatelets and provide th microemulsion
surface where th y can aggre at and ssemble into hollow
spheres. Acetic and propionic acid may not emulsify as
strongly, thus making them unfavor ble templates for h llow
spheres. An emulsion mechanism has been proposed for
ollow spheres obtained in reactions betwe n aqueous
KMnO4 and oleic acid,
6 in which emulsification is more clearly
identified because ol ic acid is immiscible with water. We
investigated a similar reaction with aqueous Mn2+ and
MnO4
! in the pr sence of immiscible pentanoic acid. How-
ever, this two-phase system yields manganese oxide as an
intractable oil that c lcines into large, irregularly shaped
particles.
Thermal st bility of MnO2-BA was studied by TGA, Fig. 3.
The gradual decrease in weight up to 478 1C is assigned to loss
of water nd lattice oxygen. The s arp transition starting at
478 1C is due to loss f lattice oxygen with concommitant
formation of Mn2O3. Further oxygen loss at 707 1C is the
result of Mn2O3 transforming into Mn3O4. Both Mn2O3 and
Mn3O4 have be n co firmed by XRD.
MnO2-BA samples w re calcined at v rious temp ratures
for 2 h to ascertain the stability of the hollow sphere structure.
TEM images after calcin tion are shown in Fig. 4. At
400 1C, the hollow spherical morph logy is largely uncha ged.
At 500 1C, hollow spheres are still evid nt, but the s lls
have begun to fragment a d the nanoplatelets that com-
prise th s lls have started to sinter into larger particles.
Fig. 2 SEM images of amorph us MnO2 synthesized in the presence
of carboxylic acid: (A) control; (B) acetic acid; (C) propionic acid;
(D) butyric acid.
Table 1 Analytical data on nanostructure manganese oxides
MnO2-X
a Formula Mn ox stb SA (m2 g!1)
MnO2-C K0.023MnO1.91"0.63H2O 3.88(2) 133
MnO2-AA K0.053MnO2.01"0.48H2O 3.86(1) 307
MnO2-PA K0.042MnO1.95"0.45H2O 3.81(2) 330
MnO2-BA K0.041MnO2.04"0.35H2O 3.83(4) 233
a X denotes the carboxylic acid in the reaction: C-control, AA-acetic
acid, PA-propionic acid, BA-butyric acid. b Values obtained by reduction
with Na2C2O4 in 10% H2SO4 followed by back-titration with KMnO4.
Standard eviations shown in parentheses.
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promotes formation of hollow sphe es. Sphere diameters are on
the ord r f 200–400 nm and t e hells consist of 5–8 nm
plat lets, Fig. 1D. The hollow sphere morphology is further
confirmed by occasiona bservations of br ken shell fragments.
Numerous examples of manganese oxid hollow spheres have
b en report d,6–15 but the ase of formati n in this butyric
acid-p omo system is striking. Other sy eses pi ally
inv lve templa s that requi e a subsequent r moval step6–10
or relativ ly slow par icl g owth y Ostwald ripening that
often occurs u de hydr thermal c nditions.11–15 By c ntrast,
the manga ese oxi e hollow spheres reported here form by self
asse bly upon mixing under ambient conditions, giving one of
the sim lest routes to a hollow sphere material.
Powder XRD patterns are char cteristic of amorphous
manganese oxide.4 Element l nalyse , TGA measurements,
and Mn oxidation stat e surements reveal similar composi-
tio s for ll four materials, Table 1. Stoichiometries are near-
MnO2 with trace pota sium and fractional wat r of hydration.
There is no vid nce of residu l carboxylic acid or c b xylate
bas d on FT-IR and carbon an lyses. BET measurements
reveal high surface eas that r consistent with observed
particle sizes and morpo ologi s. They are co siderably high r
re a ive to the su face area of t control mang n se oxide.
Our strategy for nanoparticle synthesis derives from the
chemistry of molecular mangan se oxide clusters, which are
generated fro reactio s between Mn2+ and MnO4
! in the
pres nce of carboxylic acids and carboxylates at high concen-
tratio s.3 We hypothesize th t lower concentrati s would
favor materials over molecular clusters, but the e ould still
be s me coordinati n between th carboxylic acid and surface
f the nucleati g manganese oxide parti les. We further
hypothesized that such coordination would subdue pa ticle
growth and yield nan materials with increase surf ce eas.
Our findi gs i dicate hat his approach succ eded.
The presen e of c rboxylic acid is key. Fig. 1A shows the
larger pa ticle size obtained in the absence of carboxylic acid.
If carboxylates ar us s ead, particle sizes are on the order
o 100+ microns. If mi eral a ids are used to create the
same pH as the Mn2+/carboxylic acid solutions (2.2–2.4),
the resulting product resemb es that of the control reaction.
W herefore c nclude that c rboxylic acids co rdin te i
some fashi n t nucl ating manganese oxide, resulting in
arrested growth and st bilizatio of nan particle heets or
platelets that then self assemble i to large spheres or hollow
spheres. Howev r, these interactions must be weak since the
carboxylic acid i readily rem ved pon filtratio and
w shing.
Emulsions may play a role in the preferential formation of
hol ow pheres when butyric acid is pr sent (MnO2-BA).
Alth ugh t t ree carboxyli ac ds u ed here are reportedly
miscible with wat r, Tyndall eﬀect is observed with gr en
laser lig t for their aqueous solut ons. The Tyn all eﬀect is
muc more prono nced f r butyric acid than for acetic or
propionic acid, which oincides with the diﬀere t morphology
it promotes. Butyric acid may refore both prom te the
f rmation of nanoplatelets and provide the mic mulsion
surface where they can aggregate and assemble into hollow
spheres. Acetic d propionic acid may not emu sify as
strongly, hus making them u favorable templa es for hollow
spheres. An e ulsion mechanism has been p op sed f r
hollow spher obtained in re ctions b tween aqueous
KMnO4 and ol ic acid,
6 in which emulsification is more clearly
identified be use oleic a id is i mi cible with water. We
inv stigated a similar react on with aqueous Mn2+ and
MnO4
! in the presence of immiscible pentanoic acid. How-
ever, this two-pha syste yie ds manganese oxide as an
in ractable oil t t calcines into large, irr gularly shaped
particles.
Thermal stability of MnO2-BA was studied by TGA, Fig. 3.
The gradual decrease in weight up to 478 1C is assigned to loss
of water and lattice oxygen. The sharp tr nsition starting at
478 1C is due to loss of lattice oxyge with c commitant
formation of Mn2O3. Further oxygen loss at 707 1C is the
result of Mn2O3 transforming into M 3O4. Both Mn2O3 and
Mn3O4 have been confirmed by XRD.
MnO2-BA samples were calcined at various temperatures
for h to ascertain the stabil ty of the hollow sphere s ruc .
TEM images after ca cination are shown in Fig. 4 At
400 1C, the hollow spheri al m phol gy is largely unchanged.
At 500 1C, hollow spheres are still evident, but the shells
have begun to fragment and th nanoplatele s that com-
prise th shells have started to si ter into larger p rticles.
Fig. 2 SEM images of amorphous MnO2 synthesized in the presence
of carboxylic acid: (A) control; (B) acetic acid; (C) propioni acid;
(D) butyric acid.
Table 1 Analytical data on nanostructure manganese oxides
MnO2-X
a Formula Mn ox stb SA (m2 g!1)
MnO2-C K0.023MnO1.91"0.63H2O 3.88(2) 133
MnO2-AA K0.053MnO2.01"0.48H2O 3.86(1) 307
MnO2-PA K0.042MnO1.95"0.45H2O 3.81(2) 330
MnO2-BA K0.041MnO2.04"0.35H2O 3.83(4) 233
a X denotes the carboxylic acid in the reaction: C-control, AA-acetic
acid, PA-propionic acid, BA-butyric acid. b Values obtained by reduction
with Na2C2O4 in 10% H2SO4 followed by back-titration with KMnO4.
Standard deviations shown in parentheses.
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pr motes formation of h llow spheres. Sphere di meters a e on
the o der f 200–4 0 nm and the shells consist of 5–8 nm
platelets, Fig. 1D. The ollow sphere morphol gy is furthe
confirmed by occasional observations f b ken shell fragments.
Numerous examples of m ng ese oxide holl w sp eres have
been epo ted,6–15 but the e se of f rmation in t is butyric
acid-promoted system is striking. Other sy theses typically
involve templates hat require a sub equ nt removal step6–10
or relatively s ow p rticle growth y O twald ripening that
f n occurs nd r hydrothe mal conditions.11–15 By contras ,
the mang ese oxide hollow sp eres r ported here form by self
asse bly upon m xing under ambi nt conditions, giving one f
the simplest routes o a hollow sphere material.
Powder XRD patterns are charact istic of amorphous
mang se oxide.4 El mental analyses, TGA me sure ents,
and M oxidat on state m asurements reveal si il r co posi-
tions for all four materials, Table 1. Stoichiometries are near
M O2 with tr ce potassium nd fractional w ter of hydration.
There is no evidence of re id al c rboxylic acid r cabox late
based o FT-IR and carbon a lyses. BET measurements
rev al high surface areas that are consi tent with observed
particle size and morp hologies. They are considerably higher
relativ to the surface r a f the control m g e e oxide.
Our st ategy for nanoparticle synthesis deriv s from the
chemistry of molecul m g ese oxide cluster , which ar
genera d fro r actions betw n Mn2+ and MnO4
! in th
presenc o carb xylic acids and carboxylates at high co e -
t ations.3 We hypothesiz d that lower con e trations would
favor materials over mol cular c ust , but there would still
be some coordin t on betw en the carboxylic acid and surface
of th nucleating mang ese oxid particles. We f the
hyp thesiz d that such oordi at on would subd pa icle
grow and yiel nanomaterials with ncreased surface ar as.
Our findi gs n icate that this approach suc eede .
The presence of carboxylic cid is key. Fig. 1A shows the
larger article ize obtained in the bsence of carboxylic acid.
If ca boxylat s are us d instead, particle size are on the order
of 100+ microns. If miner l acids e u ed t create the
same pH as the M 2+/ca boxyl c a id solutions (2.2–2.4),
the resulting product resem les that of the control eaction.
We t erefo c n lu e hat carboxylic a ids co rdina e in
some fas ion t n cleating mang ese oxide, r sulting i
arre ted gr wth a d stabilizat o f n particl sh ets or
plate s that en s lf assem le i t larger spheres or hollow
sph r s. Howev r, these interactions must be w ak since t
carboxylic a id s eadily removed upon filtration and
washing.
Emulsions may play a role in the pr fe ntial formation f
hollow spheres when butyric a id is s nt (MnO2-BA).
Although the hree car ox l acids used here a reportedly
miscible wit wat r, a Tyndall eﬀect i observ d with green
laser light for thei aqueo s solutions. The Tyndall eﬀect is
much more pronou ced for b tyric acid than for aceti or
pro ionic acid, which coinci es with the iﬀerent morphology
it pr motes. Butyric a id may therefo both pr mote t e
formati n f nanoplate e s nd provid the microemulsion
surface where they c n ggr gate nd assemble into h ll w
pheres. Aceti and pro ionic a id may not emulsify as
trongly, thus making them unfavorable te plates for hollow
pheres. An emulsion mechanism has en pro o ed for
hollow spheres obtained in reactions betw en aqueo s
KMnO4 and oleic acid,
6 in which mulsification s mor cl r y
identified because oleic a id is i miscible with water. W
investiga ed imi ar r action with aqueo s Mn2+ and
MnO4
! in th presence of immiscible pentanoic acid. How-
ever, this two- ase system yields mang se oxide as n
int ac able oil that calcine into large, irregularly shaped
pa ti les.
Thermal tability of MnO2-BA was studied by TGA, Fig. 3.
The gradu l decrease in weight up to 478 1C is as igned to loss
of water an l ttice oxyg . The s arp t an ition star ing at
478 1C is due o loss of lattice oxygen with con mmitan
formation f Mn2O3. Furthe oxygen loss at 707 1C is the
result of Mn2O3 transforming to Mn3O4. Both Mn2O3 and
Mn3O4 have been confir ed by XRD.
MnO2-BA sampl s wer calcined at various temperatures
for 2 h to ascertain the stability of the hollow sphere structu e.
TEM im ges fter calcina on ar sho n i Fig. 4. At
400 1C, the hollow sph ical morphology is largely u changed.
At 5 , oll w spher s are sti l ev dent, but the sh lls
have b gun t fragment and the nanopla e e s that com-
prise th shells h ve start d to sinter i to larg r particles.
Fig. 2 SEM images of amorphous MnO2 synthesized in the pr sence
of carboxylic acid: (A) contr l; (B) acetic acid; (C) propionic acid;
(D) butyric acid.
Table 1 Analytical d ta on na ostruc ure manganese oxides
MnO2-X
a Formula Mn ox stb SA (m2 g!1)
MnO2-C K0.023MnO1.91"0.63H2O 3.88(2) 133
nO2-AA K0.053 nO2.01"0.48H2O 3.86(1) 307
nO2-PA 0.042 nO1.95"0.4 2O 3.81(2) 330
nO2-BA K0.041 nO2.04"0.35H2O 3.83(4) 233
a X denot s the carboxylic acid in the reaction: C-contr l, AA-acetic
acid, PA-propionic ac d, BA-butyric ac d. b Values obtained by reduction
with Na2C2O4 i 10% H2SO4 followe by b ck-titra on with KMnO4.
Standard deviations shown in parenth ses.
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mechanism (Figure 15).  BET measurements show that the carboxylic acids have a 
strong effect on the surface area of the materials, each having more than doubled the 
surface area of the control (Table 10).40  The average oxidation state of Mn being less 
than 4 for all of the materials indicates that these materials are mixed-valent, containing 
both Mn(III) and Mn(IV).!
!
Table 10: Analytical information on control and acid-treated MnOx"
!
! As a further test of the effect of the carboxylic acids on the nanoparticle 
formation, nitric acid was added in place of butyric acid in order to test the effect of pH 
using an inorganic acid.  The carboxylic acids have a pH of 2.2-2.4, and nitric acid was 
used at a comparable pH.  These materials more closely resembled the control 
materials (Figure 20); this indicates that the butyric acid itself, not the pH, has the 
largest influence on the formation of the hollow spheres.!
!
MnO Formula Mn ox. state Surface Area (m
MnO K0.023 3.88 133
MnO K0.053 3.86 307
MnO K0.042 3.81 330
MnO K0.041 3.83 233
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  !
Figure 20.  MnOx synthesized in A) 0.1 M HNO3 (pH 2) and B) 2.0 M HNO3.  !
Scale bar = 1 µm!!
! A 10-fold excess of butyric acid is typically used in synthesis of the hollow 
spheres.  Figure 21 shows the results of using higher concentrations of butyric acid.  At 
a 15-fold excess (Figure 21A), the particles are still spherical though some of the 
monodispersity is lost.  The particles are on average of comparable size to the hollow 
spheres synthesized with a 10-fold excess of BA.  At a 20-fold excess (Figure 21B), 
however, while some of the particles are still spherical, the monodispersity is gone.  
Particles range from less than ⅓ µm, to 3 µm or more.  The 30-fold synthesis product 
was very oily and unable to be retrieved from the filter frit."
!
A B
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Figure 21.  Manganese oxide synthesis with A) 15-fold BA and B) 20-fold BA.  Scale 
bar = 1 µm"!
Doped Manganese Oxides!
! Manganese oxide nanoparticles are able to be isomorphously doped with a 
number of different transition metals.  The metals chosen for this study were iron, 
copper and vanadium.  Iron was chosen for its proximity to Mn in the periodic table, 
having a similar size and oxidation state as Mn, and has been shown to aid in the 
formation of hollow spheres in some hydrothermal systems.54  It also is present in 
marine manganese nodules which show strong catalytic activity,6 and has been 
synthesized in laboratories, giving promising catalytic results.55-58   Vanadium is useful 
to examine as an early transition metal dopant, and has been seen to enhance the 
catalytic activity of manganese oxide systems.59  Copper was also chosen due to its 
well-known ability to improve the catalytic activity of manganese oxides.8,39,45,60-69  The 
properties and catalytic activity of these materials were investigated.!
!
A B
 31
Iron-doped!
! Manganese oxide spheres were successfully doped with Fe2+ using 
Fe(NH4)2(SO4)2•6H2O and FeCl2•4H2O.  Fe2+ was isomorphously doped throughout the 
spheres, without significantly changing the morphology of the control spheres (Figure 
22).  With FeCl2 being more difficult to accurately measure due to being very 
hydroscopic however, Fe(NH4)2(SO4)2 was used for all further analyses.  Fe3+ was also 
attempted, however the materials did not retain their spherical morphology and the 
approach was therefore abandoned (Figure 23).!
!
  !
Figure 22.  Fe2+-doped MnOx (Fe0.35MnOx).  A) FeCl2 , B) Fe(NH4)2(SO4)2. !
Scale bar = 1 µm"!
A B
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  !
Figure 23.  Fe3+-doped MnOx’s: A) FeCl3 (Fe0.35MnOx), B+C) Fe(NO3)3•9H2O!
(B: Fe0.05MnOx , C: Fe0.35MnOx). A+B, scale bar = 1 µm.  C, scale bar = 3 µm"!
! Synthesis with Fe(NH4)2(SO4)2 was done with each of the stoichiometric ratios 
from Table 1.  These materials generally retained a spherical morphology, with 
exception to high dopant levels of iron (Figure 24). Flame AA Spectroscopy was used to 
determine the approximate iron content relative to the manganese.  These data (Table 
11) show that up to an added 0.2:1 Fe:Mn ratio, the efficiency of incorporation of iron is 
very high and gives a predictable doping trend.  At levels greater than 0.2:1 Fe:Mn, 
however, the doping efficiency of iron declines (Figure 25).  Throughout the different 
ratios used in Table 11, the one which showed the greatest morphological difference 
was 0.39:1 (1:1 added), in which the product had lost all monodispersity and spherical 
morphology (Figure 24C).!
!
A B C
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  !
Figure 24.  FeMnOx-BA with Fe(NH4)2(SO4)2: A) Fe0.05MnOx, B) Fe0.3MnOx, !
C) Fe0.39MnOx. Scale bar = 1 µm!!
!
!
Table 11: Amount of iron added vs. incorporated into final product!
!
!
A B C
Fe:Mn Added Fe:Mn in Product
0.051 0.0505
0.083 0.077
0.11 0.0995
0.22 0.177
0.35 0.253
0.5 0.315
1.0 0.39
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  !
Figure 25.  Graph showing incorporation of Fe into in MnOx hollow spheres.  Fe:Mn 
ratios were determined by atomic absorption"!
! The FeMnOx-BA materials exhibit a core-shell structure not seen in the un-doped 
MnOx-BA.  When analyzed by TEM, the iron-doped samples show cores inside their 
hollow shells.  As the dopant level increases, the wall thickness of the shell increases 
until the sphere becomes solid (Figure 26).  In Fe0.18MnOx-BA, many spheres have 
completely solidified with the exception of a single thick-walled core-shell structure 
(Figure 26C).  At concentrations above 0.18:1 Fe:Mn, all spheres become solid (Figure 
26D + 26E).  The core-shell structures are present in the samples that are most 
efficiently doped (up to ca.0.2:1, Figure 25), and when the spheres solidify, the doping 
efficiency decreases.  The average sphere size of the solid spheres increases from ca. 
200 nm to 400-500 nm in diameter.  The core-shell structures seen in these materials 
are formed by an unknown mechanism, though there have been reports of other core-
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shell structures formed by Ostwald Ripening38 and several-step aqueous precipitation 
reactions.32  To this point, we do not know the function or significance of these cores.  
These structures are seen in our Cu- and V-doped materials as well.!
!
  !
Figure 26.  TEM images of FeMnOx-BA core-shell structures: !
A) Fe0.05MnOx, B) Fe0.098MnOx, C) Fe0.18MnOx, D) Fe0.26MnOx, E) Fe0.33MnOx.  !
Scale bar = 100 nm!
! !
! The previous syntheses were done with stoichiometric ratios of Fe using 
balanced redox reactions (Table 1).  The effect of adding iron in a non-stoichiometric 
manner was done, i.e. using an excess of manganese or an excess of iron.  In this 
experiment, Fe was added with Fe:Mn ratios of 0.1 to 0.6, in 0.1 increments.  An excess 
of manganese (0.1-0.3 Fe:Mn) results in little to no effect on the morphology of the 
material (Figure 27A-C).  An excess in iron (0.4-0.6 Fe:Mn) causes a significant loss of 
A B C
D E
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monodispersity (Figure 27D-F).  Fe:Mn ratios were determined for each sample by 
Flame AA (Table 12).  Figure 28 graphs Fe:Mn ratios of stoichiometric and non-
stoichiometric doping.  It is seen that an excess of iron in the synthesis in fact lowers the 
doping efficiency of Fe, while excess Mn has little to no effect.!
!
  !
Figure 27.  Non-stoichiometric synthesis products: !
A) 0.1:1, B) 0.2:1, C) 0.3:1, D) 0.4:1, E) 0.5:1, F) 0.6:1 Fe:Mn.  Scale bar = 1 µm!
!
Table 12: Fe:Mn ratios added and in final product in non-stoichiometric syntheses!!
A B C
D E F
Fe:Mn Added Fe:Mn in Product
0.1 0.0886
0.2 0.163
0.3 0.221
0.4 0.255
0.5 0.294
0.6 0.314
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  !
Figure 28. Fe:Mn ratios of stoichiometric vs. direct addition products!
!
! Three samples, Fe0.092MnOx-BA , Fe0.17MnOx-BA and Fe0.26MnOx-BA were 
analyzed for water content by TGA.  With this information, the final molecular formula of 
these three samples was determined.  The molecular formulas are shown in Table 13.  
Iron content has a positive correlation to oxygen and water content, and an inverse 
correlation to potassium content.!
!
Table 13: Molecular formulas of Fe0.092MnOx-BA , Fe0.17MnOx-BA and Fe0.26MnOx-BA!
Fe
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0.2
0.3
0.4
Fe:Mn Added
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Stoichiometric
Direct Addition
Fe:Mn Added Molecular Formula
0.1:1 Fe0.092
0.2:1 Fe0.17
0.35:1 Fe0.26
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! Iron was doped into samples synthesized with acetic and propionic acid 
(FeMnOx-AA and FeMnOx-PA, respectively), as well as the control sample (FeMnOx-C).  
All samples had good incorporation of Fe, like the BA-derived MnOx.  The acid-treated 
syntheses resulted in dense, shiny black powders with nondescript morphologies 
(Figure 29A).  The FeMnOx-C (Figure 29B) resembled the MnOx-C material.  Iron 
content was determined by Flame AA (Table 14).!
!
  !
Figure 29.  SEM Images of Fe-MnOx A) AA/PA, B) Control.  Scale bar = 1 µm!
!
Table 14: Fe:Mn and K:Mn ratios of MnOx-AA, -PA, -C samples!
A B
Acid Used Fe:Mn Added Fe:Mn in Product
Acetic 0.05 0.0459
Acetic 0.1 0.0968
Propionic 0.05 0.0453
Propionic 0.1 0.0961
None 0.05 0.0454
None 0.1 0.0968
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! The surface areas of the Fe-doped samples were acquired by BET surface area 
analysis (Table 15).  The acid used appears to have little effect on the surface area at 
the lower concentrations of Fe.  In the BA-treated samples, a clear trend can be seen 
where the surface area reaches a maximum at 0.18:1 Fe:Mn, then begins to decrease.  
The Fe0.18MnOx sample, as mentioned above, are also the final core-shell structures 
before the efficiency of the iron-doping begins to decline with the formation of solid 
spheres.  This indicates that the hollowness of the spheres as well as the core-shell 
structures have a strong effect on the surface area.  When the spheres lose these 
features, i.e. become solid, their surface area begins to decline.  With the solid spheres, 
the surface area decrease could be caused by the particles on the inside of the sphere 
not being accessible due to a loss of porosity throughout the sphere.!
!
Table 15: Surface areas FeMnOx-C, -AA, -PA and -BA!
!
Acid Used Fe:Mn Surface Area (m
Butyric 0.052 246
Butyric 0.078 295
Butyric 0.098 332
Butyric 0.18 434
Butyric 0.26 315
Butyric 0.30 265
Acetic 0.046 247
Propionic 0.45 241
None 0.45 260
None 0.097 313
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Copper-doped!
! MnOx materials were successfully doped with Cu2+ using Cu(OAc)2•H2O 
(CuMnOx-BA).  The amounts of copper added and incorporated were determined by 
Flame AA (Table 16).  These data show that the copper was incorporated with 
approximately 21% efficiency, however it incorporates in a very predictable, linear 
fashion (Figure 30).  A reason it may incorporate less efficiently than iron could be the 
lower oxidation state of Cu relative to Fe, as well as it being smaller than Fe, and 
therefore has a greater size difference relative to Mn.  These factors make Cu less 
comparable to Mn, and therefore it is harder to replace Mn3/4+ ions with Cu2+ ions.!
!
!
Table 16: Amount of copper added vs. in final product"
!
!
Cu:Mn Added Cu:Mn in Product
0.050 0.0157
0.10 0.0215
0.20 0.043
0.30 0.061
0.50 0.108
1.0 0.215
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Figure 30.  Graph showing incorporation of Cu into in MnOx hollow spheres.  Cu:Mn 
ratios were determined by atomic absorption.!!
! SEM shows that the CuMnOx-BA particles remain spherical at all dopant levels, 
though the size of the spheres increases as the concentration of copper increases 
(Figure 31).  In these images, a few spheres can be seen as hollow by identifying what 
looks like a lysed cell (31B, middle-left).  When analyzed by TEM (Figure 32), it can be 
seen that at all dopant levels, the spheres are in fact hollow.  At lower dopant levels, the 
spheres adopt a core-shell structure (32A-B), which disappears at higher dopant levels 
(32C-F).  This trend is unexpected since the undoped spheres lack a core-shell 
structure, while at low levels of Cu, a core is present and then as Cu levels are 
increased, the spheres become empty again.  As with the Fe-doped materials, the 
significance and formation mechanism of the core-shell structure is yet to be 
determined.!
 42
Cu
:M
n 
in 
Pr
od
uc
t
0
0.075
0.15
0.225
0.3
Cu:Mn Added
0 0.25 0.5 0.75 1
!Figure 31.  Cu2+-doped MnOx’s with Cu(OAc)2:  A) Cu0.016MnOx, B) Cu0.22MnOx. Scale 
bar = 1 µm.!!
  !
Figure 32. TEM images of CuMnOx-BA:  !
A) Cu0.014MnOx, B) Cu0.019MnOx, C) Cu0.04MnOx, !
D) Cu0.059MnOx, E) Cu0.11MnOx, F) Cu0.21MnOx.  Scale bar = 100 nm!
A B
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! Three of the Cu-doped samples—Cu0.024MnOx, Cu0.046MnOx and Cu0.10MnOx—
were analyzed for water content by TGA.  The final molecular formulas of these 
materials were determined (Table 17).  There are no significant, consistent trends in 
H2O, O or K amount as the copper dopant is increased.  This suggests that the amount 
of potassium or of oxygen present, as well as waters of hydration, are not fully 
dependent on copper concentration.!
!
Table 17: Molecular formulas of 0.1:1, 0.2:1 and 0.5:1 Cu:Mn samples!
!
! Copper-doped samples were synthesized with acetic and propionic acid 
(CuMnOx-AA, -PA), as well as a control with no acid (CuMnOx-C).  These samples 
(Figure 33) resemble the iron-doped samples which underwent the same treatment 
(Figure 29A), with nondescript morphologies and the acid-treated samples being dense, 
black shiny powders.  Figure 33A is representative of all of the acid-treated samples.  
CuMnOx-C has a morphology similar to that of the control though with a smaller particle 
size (Figure 33B).  Copper amounts in these samples were determined by Flame AA 
and are shown in Table 18.!
!
Cu:Mn Added Molecular Formula
0.1 Cu0.024
0.2 Cu0.046
0.5 Cu0.10
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  !
Figure 33.  SEM images of A) CuMnOx-AA/PA, B) CuMnOx-C.  Scale bar = 1 µm!
!
Table 18:  Cu:Mn ratios of AA/PA/non-acid—treated samples!
!
! Surface areas of several acid-treated Cu-doped samples were acquired by BET 
surface area analysis, as well as the two control samples (Table 19).  The surface areas 
are relatively high for CuMnOx-AA, and are comparable to the FeMnOx-PA and FeMnOx-
C surface areas for CuMnOx-PA and CuMnOx-C.  There is no definite trend for surface 
area to amount of Cu in the samples.  The surface area appears to level out at 
Cu0.11MnOx-BA.!
A B
Acid Used Cu:Mn Added Cu:Mn in Product
Acetic 0.5 0.149
Propionic 0.2 0.0571
Propionic 0.5 0.12
None 0.2 0.0837
None 0.5 0.181
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" From previous measurements, the un-doped hollow spheres have 233 m2/g.  The 
carboxylic acids all appear to have a positive effect on the surface area to MnOx-C, 
which has a surface area of 133 m2/g.39  In the control Cu-doped samples, the presence 
of Cu increases the surface area to that of MnOx-BA, even in the absence of any 
carboxylic acids.  This means that copper either increases the porosity of the spheres, 
or aids in reducing the particle size even further.!
!
Table 19:  Surface areas of CuMnOx-AA, -BA, -PA and -C!
!
!
!
!
!
Acid Used Cu:Mn Surface Area 
(m
BA 0.014 301
BA 0.019 291
BA 0.040 251
BA 0.064 266
BA 0.11 321
BA 0.22 327
AA 0.084 350
AA 0.15 326
PA 0.16 237
None (C) 0.084 287
None (C) 0.18 255
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Vanadium-doped!
! MnOx materials were doped with vanadium using Na3VO4 (VMnOx).  The 
syntheses were done with 0.025:1, 0.05:1, 0.1:1, 0.2:1 and 0.3:1 V:Mn ratios in the 
synthesis.  All dopant levels had comparable morphologies and particle sizes (Figure 
34).  The spherical morphology of the particles is retained with the incorporation of 
vanadium.  TEM images show that core-shell structures are present, the cores of which 
appear to gradually diminish as the concentration of V is increased (Figure 35).  At the 
lower concentrations (Figure 35A), the cores are scarcely present.  As V increases, the 
cores increase in frequency before they begin to dissipate (Figure 35D).  This unusual 
trend is similar to that seen in the Cu-doped spheres.  The cause and significance of it 
is unknown.!
!
  !
Figure 34.  SEM images of VMnOx-BA: A) V0.021MnOx, B) V0.17MnOx. Scale bar = 1 µm!
!
A B
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!Figure 35.  TEM images of VMnOx-BA: !
A) V0.021MnOx, B) V0.038MnOx, C) V0.088MnOx, D) V0.16MnOx.  Scale bar = 100 nm!!!
! The vanadium amounts in the products were determined by Flame AA (Table 19).  
The vanadium does not efficiently add into the materials, however it is reliable enough 
to still see a general positive trend.  Error margin is ±10 % for each value.!
!
Table 20: Amount of V added vs. amount in final product!
A B
C D
V:Mn Added V:Mn in Product
0.025 0.021
0.05 0.038
0.1 0.075-0.088
0.2 0.14-0.16
0.3 0.16-0.18
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! Surface area analysis of VMnOx-BA samples initially show a sharp increase in 
surface area as the V concentration increases, followed by a drop off in surface area as 
the concentrations approach what appears to be the maximum dopant level of 
approximately 0.2:1 (Table 21).!
!
Table 21:  BET surface area measurements of VMnOx!
!
Copper and Iron double-doped!
! FeMnOx materials displayed the highest surface areas (up to 434 m2/g), while Cu 
is known to increase catalytic activity.15,44,45  In an attempt to optimize both, Cu2+ and 
Fe2+ were added together into the synthesis in varying amounts (CuFeMnOx-BA, 
ranging from low copper and high iron, to high copper and low iron.  Amounts of copper 
and iron added and in the final product were determined by Flame AA (Table 22).  As 
the amount of Fe increases, the efficiency of Cu-doping decreases.  At high 
concentrations of both Fe and Cu, the doping efficiency of both decreases.  At lower 
concentrations of Fe, the spheres remain monodisperse, while as Fe content is 
increased, the monodispersity is lost (Figure 36).!
V:Mn Surface Area 
(m
0.021 295
0.038 331
0.088 306
0.16 267
0.17 237
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Table 22:  Amount of Cu and Fe added vs. amount in final product!
!
  !
Figure 36.  A) Cu0.19Fe0.050MnOx, B) Cu0.16Fe0.088MnOx, !
C) Cu0.14Fe0.15MnOx, D) Cu0.041Fe0.048MnOx.  !
Scale bar = 1 µm (A+B), 3 µm (C) and 10 µm (D)!!
Fe:Mn Added Cu:Mn Added Fe:Mn in Product Cu:Mn in Product
0.051 0.30 0.048 0.041
0.051 1.0 0.050 0.19
0.11 1.0 0.088 0.16
0.22 1.0 0.15 0.14
0.22 0.50 0.20 0.029
0.22 0.30 0.20 0.063
A B
C D
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! The water content of these materials was determined by TGA, and their 
molecular formulas were determined (Table 23).  As total dopant level increases the 
amount of H2O increases, while the amount of O decreases due to the average ox. 
state of metal decreasing, with Fe2+/3+ and Cu2+ replacing Mn3+/4+.  The decrease in 
oxygen is likely due to the inability of Cu or Fe to adopt the 4+ oxidation state that 
manganese has, thus reducing the amount of oxygen that can be incorporated.!
!
Table 23: Molecular formulas of CuFeMnOx"
!
Catalysis!
! Manganese oxides work as oxidative catalysts for several reactions, including the 
conversion of alcohols to carbonyls, CO to CO2 and the total oxidation of organics, 
among others.  They are presumed to react by the Mars van Krevelen mechanism 
(Figure 5).9,12-18  Depending on the metal dopant or other reaction conditions, the 
catalytic activity varies.  In this first reaction, a CO molecule picks up an oxygen from 
the manganese oxide, forming CO2.  The oxygen is then replaced by atmospheric O2, 
thus reforming the catalyst (Figure 37).  This is a form of the Mars van Krevelen 
mechanism as well.!
!
Cu:Fe:Mn Molecular Formula
0.025 : 0.18 : 1 Cu0.025
0.2 : 0.05 : 1 Cu0.2
0.14 : 0.14 : 1 Cu0.14
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  !
Figure 37.  Oxidation of carbon monoxide by the Mars van Krevelen mechanism25!
!
! The catalytic activity for CO oxidation was tested using a fixed-bed gas flow 
reactor (Figure 16).  The catalytic activity of Fe0.092MnOx-BA, Cu0.016MnOx-BA and 
V0.075MnOxBA were determined (Table 24).  Cu0.016MnOx-BA showed the highest 
catalytic activity at low temperatures, with 15% of CO being converted to CO2 at 25° C, 
while Fe0.092MnOx only converted 4% at 25° C, and V0.075MnOx converted 0%.!
!
Table 24:  Catalytic activities of Fe, Cu and VMnOx-BA samples"
!
! The manganese oxide materials were also tested for their ability to convert 
isopropanol to acetone by the mechanism in Figure 5, using a tube furnace setup 
(Figure 15).  The catalytic activities have shown both Fe and Cu corresponding to high 
!+"
"
method superior to adsorption techniques for CO removal in these applications because using a 
catalyst avoids the requirement for large amounts of adsorbate as well as the need to replace the 
material when the adsorbate becomes saturated. Active, effective catalysis also requires only a 
small amount of material, which in principle need not be replaced or regenerated. Catalysis also 
offers the advantage of being less expensive and more environmentally benign.40 Manganese 
oxide materials that are capable of catalyzing the oxidation of CO at ambient temperatures are 
being explored due to their much lower cost than noble metals, which are most commonly 
used.41  
 
 
Figure 5: Oxidation of carbon monoxide by the Mars van Krevelen mechanism. 
 
 Previous research has sh wn that the prepar tion, structure, morphology, and 
composition of manganese oxides gre tly influenc s their catalytic activity.41-44 Often, high-
surface-area materials with inter sting nanostructures are found to be the most active 
catalysts.33,45 The doping of other transition metals into manganese oxide frameworks also has 
been shown to be a viable method of enhancing catalytic activity.45 
 This study primarily focuses on the preparation and characterization of amorphous 
Temperature (° C) % CO to CO
(Fe
% CO to CO
(Cu
% CO to CO
(V0.075
25 4 15 0
50 9 19 —
100 21 56 9
150 55 100 25
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catalytic conversions, with V reducing the catalytic activity of the materials (Table 25).  
Compared to the un-doped spheres, however, there is little significant catalytic 
improvement with the Fe- and Cu-doped materials.  In the double-doped systems, the 
catalytic efficiencies dropped relative to the efficiencies seen with only one of the metals 
present (Table 26), and the presence of higher amounts of Fe decreases the catalytic 
efficiency more than the presence of high levels of Cu. Trends of catalytic activities at 
250° and 200° C are shown in Figure 38 and 39 for single-doped systems.  At 200° C, 
the amount of each dopant is inversely proportional to the catalytic activity, while at 250° 
C, until higher dopant levels, the catalysis is high, being in the 90-100% range.   At 250° 
C, low amounts of Cu appear to hurt the activity, while 0.04:1 Cu:Mn and above 
increases the efficiency to almost 100%, while an increase in Fe eventually becomes 
deleterious to the materials’ catalysis.  The majority of our catalytic results for the Cu-
doped materials are in agreement with other reports of copper aiding in the catalytic 
activity of manganese oxides,60-69 however the V-doped catalysis results would be 
expected to be greater than or comparable to that of the control spheres.  Fe-doped 
materials have been shown to increase catalytic activity as well,55-58 however this was 
only seen in our materials at lower concentrations of Fe.  With higher Fe levels, the 
materials undergo morphological changes that seem to hurt their catalysis as well.!
! These results, compared with those for CO oxidation, imply that the copper-
doped materials may prove to be the strongest catalysts at lower temperatures.  
However with the temperatures currently used for isopropanol oxidation, that cannot be 
said for certain.  Lower temperatures have yet to be tested.!
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"Table 25:  Catalytic activities of various MnOx materials"
!
Table 26: Catalytic activities of CuFeMnOx materials!
!
!
!
!
Metal 
Dopant
Dopant to Mn 
Ratio
% Conversion at 
200° C
Metal 
Dopant
Dopant to Mn 
Ratio
% Conversion at 
250° C
Cu 0.06 76 Cu 0.015 60.44
Cu 0.11 84.14 Cu 0.019 68.06
Cu 0.015 91.61 Cu 0.04 91.58
Cu 0.021 88.47 Cu 0.06 91.25
Cu 0.040 85.38 Cu 0.11 97.77
Cu 0.21 71.89 Cu 0.21 98.68
Fe 0.054 95.61 Fe 0.052 94.24
Fe 0.20 70.61 Fe 0.20 90.69
Fe 0.24 62.09 Fe 0.24 53.62
V 0.08 59.75 V 0.08 64.19
V 0.16 48.07 V 0.16 73.33
None None 91.94 None None 88.94
CuFeMnO % Conversion at 200° C % Conversion at 250° C
Cu 75.01 90.27
Cu 47.55 73.00
Cu 79.65 95.59
Cu 50.71 90.08
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  "
Figure 38.  Conversion percents of various doped and un-doped MnOx’s at 250° C!
!
  !
Figure 39.  Conversion percents of various doped and un-doped MnOx’s at 200° C!
!
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Conclusion!
! In summary, I have successfully incorporated several transition metals into 
manganese oxides, and found the effects of different concentrations of iron, copper and 
vanadium on the morphology, surface area and catalytic ability of the nanostructured 
manganese oxides.  Iron-doping tends to form core-shell structures at low 
concentrations of iron, which gradually become solid spheres as the concentration 
increased.  Copper provides the strongest enhancement of catalytic ability for CO 
oxidation, yet is comparable to iron for isopropanol oxidation.  In the presence of acetic 
acid in place of butyric acid in the initial solution, copper dopants cause the surface 
areas to increase by over 100 m2/g, although the materials are no longer brown spheres 
but hard, black, non-descript rock-like structures.!
! Fe2+ and Cu2+ both are efficiently and predictably incorporated into the structure 
of the manganese oxides as they precipitate.  Up to 0.2:1 Fe:Mn ratios, iron is almost 
completely incorporated into the product.  Copper is incorporated in a linear fashion as 
concentrations increase, with 20-25% of the added copper being incorporated into the 
material.  Vanadium is not efficiently incorporated in, due to large variations in the 
amount that can be added in with different trials.  The doping ability of vanadium is fairly 
inconsistent.!
! When added together, Cu and Fe reduce the catalytic activity of the samples, yet 
the strongest decline is seen in the samples with a higher iron content, showing that it 
has a particularly negative effect when combined with copper.  The surface areas of 
these materials are still yet to be determined.!
!
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Future Directions!
! One logical next step in the search for an efficient catalysts is to investigate the 
catalytic conversion of different alcohols such as 2-butanol.  Lower temperature 
catalysis will be implemented as well, as a catalyst is more favorable if it can function at 
lower temperatures.  The surface areas of the double-doped systems is yet to be 
determined, as well as several other dopant levels of both iron and copper.  !
! An important experiment that should be tested in the future is to measure the 
quantity of Lewis and Brønsted acid sites on the material by using the pyridine 
adsorption technique.70  In this method, pyridine is added to the sample under vacuum, 
adsorbing onto the surface at both the Lewis and the Brønsted acid sites.  When the 
pyridine binds onto a Lewis acid site, it stays as pyridine, yet when it bonds to a 
Brønsted site, it becomes a pyridinium ion.  When subsequently analyzed under IR, the 
pyridine and pyridinium both absorb at different frequencies, and the ratio of the two can 
be quantified by integrating the spectrum under each peak.  This can provide valuable 
information on the mechanism of oxidation utilized by these catalysts.!
! One other experiment which could provide valuable information is doping the 
materials with iron in order to increase the surface area, while depositing copper on the 
surface of the material by incipient wetness.71  In this method, a heterogeneous catalyst 
is created, but in two different phases. The manganese oxide is initially prepared 
separately.  A salt of the desired metal is then dissolved, and the manganese oxide is 
added to the salt solution. The metal ions are pulled into the structure resulting in a 
material with the metal on the structure, as opposed to being incorporated directly into 
the crystalline structure. Copper has been seen to enhance the catalytic activity of 
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materials added by this method, so if the surface area of the materials were increased 
(Fe-doped have been seen to give up to 434 m2/g), then the catalytic improvement with 
the copper present on the surface could be dramatically increased.!
!
Appendices!
Appendix 1!
Polyvinylpyrrolidone and polyethylene glycol!
! Hollow spheres can be very valuable due to potential biological applications 
including encapsulation of drugs or other biologically relevant compounds.72-74  With the 
proposed formation mechanism of the hollow spheres, attempts were made to trap a 
molecule inside the hollow spheres by finding something that is more soluble in butyric 
acid emulsions than in H2O, while being large enough to be trapped when the hollow 
spheres formed.  Materials that were hoped to demonstrate this were 
polyvinylpyrrolidone (PVP, avg. molecular weight = 8,000 g/mol) and polyethylene glycol 
(PEG, avg. molecular weight = 10,000 & 20,000 g/mol).  The polymers were dissolved 
with the MnSO4 and the manganese oxides were synthesized in the presence and 
absence of BA (Figure 22A), all of which seemed to lose their spherical morphology.  
Once the final materials were formed, a KBr pellet containing each material was made 
and and IR spectrum was acquired to detect the presence of any organics present.  No 
organics, however, were detected in any of the samples.  Figure 22B is representative 
of the spectrum of all samples.!
!
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Figure 40.  Synthesis with PVP and PEG: A) SEM image representative of all samples 
(scale bar = 1 µm), B) FT-IR spectrum"!
!
Appendix 2!
MnOx hollow spheres as templates for TiO2!
! Manganese oxides supported on TiO2 have been seen to enhance activity in 
oxidation systems.75,76  To be more cost-effective, MnOx materials were coated with a 
film of titanium dioxide (TiMnOx) as opposed to MnOx materials being supported on TiO2 
particles.  These materials showed little morphological variation from the regular hollow 
spheres (Figure 41).  This is because the BA-treated hollow spheres were used as a 
template for the TiO2 shell to form on, which should not change the morphology of the 
material.  The initial hollow spheres were dried at 110° C and at room temperature for 
comparison.  Flame AA confirmed the presence of Ti in the sample, the RT-dried sample 
having 0.54:1 Ti:Mn and the oven-dried sample with 0.18:1 Ti:Mn.!
!
A B
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Figure 41.  TiMnOx made using: A) RT-dried MnOx,  B) 110° C-dried MnOx.  !
Scale bar = 1 µm!!
!
Appendix 3!
DMSO/DMF/acetonitrile in H2O as solvent!
! Butyric acid forms emulsions in water due to the differences in polarity between 
the acid and the solvent, water.  To see the effect of altering this, the polarity of the 
reaction solvent was lowered by combining water with dimethyl sulfoxide (DMSO), 
dimethylformamide (DMF) and acetonitrile.  DMSO was used in syntheses with and 
without the addition of butyric acid.  All of these materials have particularly small particle 
sizes (Figure 42), however butyric acid appears to still have a structure-directing effect 
on the particles due to the relatively larger particle size (42C-D).!
! BET surface area analysis was done on the 10% DMSO sample w/ BA.  A 
surface area of 128 m2/g was determined, which is very close to that of the control 
without BA (133 m2/g), yet less than half of the hollow spheres (285 m2/g).!
A B
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Figure 42.  10% DMSO w/o BA,  B) 25% DMSO w/o BA,  !
C) 10% DMSO w/ BA,  D) 25% DMSO w/ BA.  Scale bar = 1 µm!
!
! Synthesis of MnOx nanoparticles with dimethylformamide and acetonitrile in the 
presence of butyric acid showed results that more closely resembled MnOx-BA.  The 
spheres formed are fairly monodisperse and are of comparable sizes to the control 
hollow spheres (Figure 43).!
!
!!
A B
C D
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Figure 43.  A) 10% Acetonitrile with BA  B) 10% DMF with BA.  Scale bar = 1 µm!
!
! Due to the substantial difference between the effect of DMSO and DMF/
acetonitrile, the reactivity of KMnO4 and DMSO was tested by stirring KMnO4 in 10% 
DMSO in H2O.  A brown solid was produced from this reaction.  The product was not 
monodisperse, as different parts of the same sample looked very different (Figure 44).  
The reaction between KMnO4 and DMSO likely affects the reaction between Mn2+ and 
MnO4–, resulting in the difference between the materials in Figure 43 and the MnOx-BA 
spheres.!
!
A B
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Figure 44. SEM images of DMSO + KMnO4 product:  Both taken from same sample.!
Scale bar = 1 µm!!
!
Appendix 4!
Control synthesis in 1% milk as a structure-directing agent!
! The control reaction (MnOx-C) was carried out in 1% milk as the solvent to test 
whether the fat particles in milk can act as structure-directing agents for nanoparticle 
formation.  The product consisted of larger particles which slowed the fastest filter frits 
to a slow drip.  The final dried solid was very hard and difficult to grind to a fine powder.  
The product had nondescript morphology with no spheres present (Figure 45).  High-
magnification images were unable to be taken.!
!
A B
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Figure 45.  Low-mag SEM image of 1% milk-synthesized material.  Scale bar = 300 µm!
!
Control synthesis with sodium dodecylsulfate (SDS) as structure-directing agent!
! The surfactant, SDS was used in the search for a different structure-directing 
agent to form hollow spheres.  SDS forms micelles in aqueous solution, and it was 
thought that the micelles could act as a template for the formation of hollow spheres in a 
similar way to butyric acid.  The product had very small particle sizes, and TEM showed 
that the particles appeared to be uniformly sized (Figure 46).  These materials are 
substantially more difficult to synthesize and work with than the MnOx-BA materials and 
give a far lower yield.  Therefore, further work on these materials was abandoned.!
!
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Figure 46.  MnOx synthesized with SDS as structure-directing agent: A) SEM, B) TEM.!
Scale bar = 1 µm (A), 100 nm (B)!
!
Appendix 5!
Effect of Heat on Hollow Sphere Synthesis!
! The synthesis of hollow nanospheres was done at high and low temperatures in 
order to see the effect of heat on the size and morphology of the nanoparticles.  The 
spherical monodispersity was lost in both the hot and cold sample.  At low 
temperatures, the particles became larger while losing some of their spherical 
characteristics.  At high temperatures, the particles grew smaller and have a crumpled-
tissue-paper morphology comparable to that of the control hollow spheres (Figure 47).!
!
A B
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Figure 47. A) MnOx’s synthesized at 4° C,  B) MnOx’s synthesized at 60° C.!
Scale bar = 1 µm 
A B
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